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Overview 
The Cartographic and Geological Institute of Catalonia (ICGC) aims to analyze the operation 
of a ground source heat pump (GSHP) facility, which pertains to an office building located in 
the Catalan territory and inaugurated in 2012. This installation serves as the unique source 
for heating, cooling and domestic hot water production. The facility has a monitoring system 
that records the time-evolution of the main operation and performance parameters. This 
study was carried out within the work frame of a larger project from the ICGC, which is called 
“Low temperature geothermal atlas”. The main objectives of this work are: 
a) To build an empirical model able to reproduce the operation and performance of the 
installation through the use of Ground Loop Design software (v2016), in parallel with a 
rigorous determination of the actual thermal load of the building. 
b) To analyze the results of the model and compare them with the actual data gathered by 
the monitoring system, to evaluate the actual performance of the installation and to identify 
possible strategies to improve its performance.  
Both objectives converge to determine the necessary actions for an optimum performance of 
the installation. It will allow us to quantify the potential of the facility to cover additional 
thermal loads, which would come from a projected extension of the current building.  
 
L’Institut Cartogràfic i Geològic de Catalunya (ICGC) es disposa a analitzar el funcionament 
d’una instal·lació d'aprofitament d'energia geotèrmica de molt baixa temperatura, la qual 
pertany a un edifici d’oficines inaugurat al 2012 en territori català. La instal·lació geotèrmica 
conté d’un sistema de monitoratge en temps real amb dades disponibles des de l’any 2015, 
que enregistra l’evolució dels principals paràmetres que controlen el funcionament i 
rendiment de la instal·lació. Aquest treball s’emmarca en un projecte de l’ICGC anomenat 
“Atles de geotèrmia de baixa temperatura”, i té com a principal objectius: 
a) Construir un model empíric per modelitzar i reproduir el funcionament de la instal·lació 
geotèrmica amb l’ús de programari específic (Ground Loop Design v2016) complementant 
l'estudi amb un càlcul rigorós de les càrregues tèrmiques de l'edifici. 
b) Analitzar el resultats de la modelització comparant-los amb les dades reals observades 
per tal d’avaluar el rendiment de la instal·lació i identificar possibles millores en quant al 
dimensionat i ús del sistema de producció.  
Ambdós objectius conflueixen en determinar i proposar les accions necessàries per 
aconseguir assolir el rendiment òptim de la instal·lació i quantificar el potencial de la 
instal·lació actual per cobrir les necessitats de climatització addicionals corresponents a una 
possible futura ampliació de l’edifici actual. 
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1. Introduction 
Ground source heat pumps systems are considered effectively as renewable energy sources 
[1], since they show the capability to supply more useful energy than that required to do so, 
with a ratio higher than 3 in most of the case. This means that we can obtain 3 kWh (or 
more) of heat or cold
 
(cold is understood here as heat removal) at the cost of 1 kWh electric. 
This ratio is usually known as the coefficient of performance () or the energy efficiency 
ratio (). The effective source of energy is the heat stored (or drained) by the ground (it 
can be also groundwater or even surface water).  
Because of its large thermal inertia, the ground shows an almost constant temperature profile 
along the year from a relatively low depth downwards (normally 15meters is enough). This 
means that during winter, the ground can act as a heat source (	
 > ), while in 
summer it can do the opposite, acting as a heat sink (	
 < ). This type of 
systems are also known as “very low-enthalpy plants”, and differ from low, middle or high-
enthalpy class in that it is required the use of additional energy to profit from that stored in the 
ground. That is to say, by means of heat pumps.  
A heat pump is a device devoted to raise the “quality” of the energy stored in a volume of a 
certain fluid (normally a gas, saturated or not) by changing two of its main physical 
characteristics: temperature and pressure. And to do so, it is required the use of additional, 
mechanical energy to compress and heat-up the fluid. This allows exchanging heat with a 
heat source, and delivering the transformed energy to a heat drain (and most importantly, 
being  > 	
!), in a way it is somehow “useful from a human point of view”.  
The literature and fundamentals about heat pumps is vast and varied (we take [2] as one of 
the most prominent reference regarding GSHPs), but we will focus here on the most basic 
aspects, like the main components and principles of operation. 
The fluid in the heat pump follows a loop path with 4 basic stages (there can be more 
depending on the complexity of the device): 
- Heat exchange at the evaporator HX. The fluid gains heat from a heat source at low 
temperature and it causes its total evaporation. 
- The compressor rises the temperature and pressure of the fluid in a quasi iso-
entropic process. 
- Heat exchange at the condenser HX. The fluid releases the heat gained in the 
evaporator plus the heat gained in the compressor towards a high temperature heat 
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drain. The (usually) electrical energy employed by the compressor is almost totally 
transformed in extra heat transferred to the fluid.  
- The fluid expands almost in a quasi-adiabatic process, lowering its temperature, and 
partially condensing. 
Figure 1 shows a basic scheme of the main elements in a heat pump. In the case of a 
GSHP, the correspondence between the evaporator and condenser HXs with the heat 
source and drain depends on whether we want to extract or inject heat towards the 
ground. During the cool season (or winter), the heat source is the ground, and releases 
its heat to the fluid of the heat pump by means of the evaporator HX. The heat drain is 
the building (or a domestic hot water tank, or whichever thermal load that we can 
imagine), and collects the heat at the condenser HX. During the warm season (or 
summer), the position of the previous heat source and drain is exchanged generally 
thanks to a 4-way valve or similar. Then, the heat source is the building, and the heat 
drain now is the ground.  
 
Figure 1. Scheme showing the heat flow between the Building and the ground source/drain. The left symbol 
represents an expansion device, and the right symbol represents a compressor. 
As far as the ground is concerned, the heat is extracted (or injected) by means of a large 
heat exchanger system, which is known as the borehole field. This exchanger consist of a 
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system of tubes embedded into the ground with circulating brine inside (just water or mixed 
with antifreeze liquid) creating a closed-loop. However, the circulating brine can be in open 
loop, especially when we have groundwater or surface water. The configuration of the tubes 
in close-loop configurations can be either a vertical array of U-tubes, or a horizontal 
arrangement of tube loops buried a few meters deep (see Figure 2). In our case of study, it is 
a vertical array. 
 
Figure 2. Horizontal and vertical borehole field (left and right images, respectively) (source: [3]) 
1.1. Regulatory and standardisation frame 
For this project, we must into account the regulatory frame imposed by the European 
directive 2009/28/EC  [4]. In particular, it is applicable the decision 2013/114/EU [1] 
concerning the renewable energy fraction coming from heat pumps. Moreover, in order to 
present our results under consistent metrics (for an easy contextualization and comparison 
with other systems), we will base our work on the definitions, terminology and methodology 
(if applicable) stated in the norms EN14511 [5] and EN14825 [6]. We will also consider the 
characterization metrics developed by the European project SEPEMO-build [7], whose main 
goal was to harmonize the characterization metrics for heat pumps and to establish the basic 
guidelines for heat pump monitoring systems (It is related to norm EN 15316). Finally, the old 
norm EN255 [8] must be mentioned, because the performance data of the heat pump under 
study was obtained by the manufacturer under its definitions and methodology. 
1.1.1. Definitions and nomenclature 
There are different metrics to characterize the efficiency of a heat/cold production system, 
always depending on the boundaries taken into consideration. The nomenclature developed 
within the SEPEMO-build establishes 4 levels of integration to define different seasonal 
performance factors (SPF), either for heating or cooling mode (see Figure 3).  
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Figure 3. Energy flow chart for the heating mode (top) and for the cooling mode (bottom) (extracted from [7]). 
Besides, the nomenclature and definitions detailed in the norm EN14825 covers almost all 
possible scenarios for heat pump characterization. This norm provides efficiency indicators 
for fixed and variable capacity, air-to-air, water-to-air, brine/water-to-water heat pumps, under 
full load or part load operation. It also addresses the degradation factors attributed to cyclic 
operation (part load operation). In fact, this norm is an extension of the norm EN14511.  
One of the main differences between the indicators defined in SEPEMO-build and EN14825 
is that in the first case, all the indicators are obtained from direct experimental measurements 
of systems under real conditions (not laboratory tests), regardless of the climatic conditions. 
They are basic ratios between thermal energy and electrical energy, and differ from one to 
the other in the boundaries shown in Figure 3. In norm EN14825, the seasonal indicators are 
the result of an average calculation considering reference climatic conditions, and the rated 
Analysis and optimization of a ground-source heat pump installation in a medium-sized office building Page 11 
/ for these conditions. Then one could say that EN14825 would be the norm 
preferred in order to test and validate systematically heat pump equipment from the 
manufacturer side, and SEPEMO-Build would be offering an alternative (and simplified) 
methodology to compare the performance of different installations under different climatic 
conditions, or comprising different equipment. This is actually our case (customer side).  
The differences between our own nomenclature and that contained in EN14825 and 
SEPEMO-Build rely basically on the type of data available at the time when this study was 
carried out. However, we present our set of terms and definitions with specific notes 
concerning the similarities or differences among them: 
- /	
: Temperature of the brine/water at the inlet/outlet of the evaporator heat 
exchanger within the heat pump. 
- 	/	
: Temperature of the brine/water at the inlet/outlet of the condenser heat 
exchanger within the heat pump. 
- : Rated heat rate exchanged at the evaporator (kW). 
- 	: Rated Heat rate exchanged at the condenser (kW). 
- : Actual Heating rate (kW). 
- 	: Building heating load rate (kW). Not necessarily equal to . 
- 	: Actual Cooling rate (kW). 
- 		: Building cooling load rate rate (kW). Not necessarily equal to 	. 
- : Electrical power consumption of the compressor (kW). 
- : Electric power consumption of the circulation pump(s) at the evaporator 
side (kW). 
- : Electric power consumption of the circulation pump(s) at the condenser 
side (kW). 
- : Electrical power consumption of the circulation pumps (kW). 
 =  (  + ) 
- : Thermal energy delivered to the building, or heating load, integrated over a 
certain period of time (kWh): 
 = $%  &'( = $% 	 &'( 
NOTE: there is an equivalence between )*  &'+ and )* 	 &'+ although (') ≠ 	(') because the heat pump is able to cover any thermal load from the 
building due to its size and the lack of additional heat sources. So  > 	 .. 
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- 	: Thermal energy extracted from the building, or cooling load, integrated over a 
certain period of time (kWh): 
	 = % 	 &' = % 		 &' 
- : Electrical energy consumed over a certain period of time, accounting for the 
compressors and the circulation pumps involved in heat or cold production (kWh). 
 = %( + )&' 
- /01: Thermal energy produced for domestic hot water, or DHW load, integrated 
over a certain period of time (kWh): 
/01 = $%  &'(/01 = $% 	 &'(/01 
- 	 	
: Thermal energy injected into the ground (kWh). 
- 2	 	
: Thermal energy extracted from the ground (kWh). 
- : Rated heating capacity at a certain pair (, 	) (kW). 
- 	: Rated cooling capacity at a certain pair (, 	) (kW).  
- : Rated electric power consumption of the compressor (kW). 
- : Rated electric power consumption of the circulation pump at the evaporator 
side (kW). 
- : Rated electric power consumption of the circulation pump at the condenser 
side (kW). 
- : Rated electric power consumption of the circulation pumps (kW). 
 =  (  + ) 
- 45677: Declared coefficient of performance measured according to norm EN255 
(in kW/kW units): 
45677 =  ≅  +   
NOTE: If we integrate the numerator and denominator over time, it equates 9:0; defined in 
SEPEMO-Build (in kWh/kWh units). 
- 45677: Declared energy efficiency ratio measured according to norm EN255 (in 
kW/kW units)::  
45677 =  	 ≅   
NOTE: If we integrate the numerator and denominator over time, it equates 9:<; defined in 
SEPEMO-Build (in kWh/kWh units). 
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- : Declared coefficient of performance (in kW/kW units): 
 =  +  ≅   +  +   
NOTE: This parameter is slightly different from  in EN14511, because the electric power 
attributed to the circulation pumps only accounts for the head losses, and we are considering 
the whole electric consumption of the pump ( < 45;77;; < 45677). Notice that in 
this definition we employ the actual circulation power consumption, not the rated one. The 
reason for this is that we were able to exactly determine this value. 
- : Declared energy efficiency ratio (in kW/kW units): 
 =  	 +  ≅   +  
NOTE: This parameter is slightly different from  in EN14511 ( < 45;=7;; <45677). 
- >>>>>>>: Averaged declared coefficient of performance (in kWh/kWh units): 
>>>>>>> = * &'*( + )&' 
NOTE: This parameter corresponds to the average  integrated over a certain period, 
regardless of whether there is cycling operation or not (degradation losses not considered). It 
is analogous to the parameter 	
	
 mentioned in EN14825 (>>>>>>> < 	
	
). 
- >>>>>>>>: Averaged declared energy efficiency ratio (in kWh/kWh units): 
>>>>>>>> = * 	&'*( + )&' 
NOTE: This parameter corresponds to the average  integrated over a certain period, 
regardless of whether there is cycling operation or not (degradation losses not considered). It 
is analogous to the parameter 	
	
 mentioned in EN14825 (>>>>>>>> <	
	
). 
 
- : Coefficient of performance integrated over a certain period of time under active 
mode (possibly including ON/OFF cycles) (in kWh/kWh units): 
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 = *  &'*( + )&' =   + /01  
NOTE: The value of this parameter falls between 9:06 from SEPEMO-Build and  ? 
from EN14825 (9:06 <  < ?).  
- : Averaged energy efficiency ratio integrated over a certain period of time under 
active mode (possibly including ON/OFF cycles) (in kWh/kWh units): 
 = * 	 &'*@ + A&' =  	  
NOTE: The value of this parameter falls between 9:<6 from SEPEMO-Build and  ? 
from EN14825 (9:<6 <  < ?). 
- 9: Coefficient of performance under active mode (possibly including ON/OFF 
cycles) integrated over 1 year (in kWh/kWh units): 
9 = *  &'*( + )&' = B + /01 C
  
NOTE: The value of this parameter falls between SPFG6 from SEPEMO-Build and  SCOPJKL 
from EN14825 (SPFG6 < 9<SCOPJKL). Not to confuse with SCOP parameter defined in 
EN14825.  
- 9: Seasonal energy efficiency ratio, defined as 9:<6 in SEPEMO-Build (in 
kWh/kWh units), but integrated over 1 year: 
9 = * 	 &'*( + )&' = B	 C
 
NOTE: The value of this parameter falls between SPFG6 from SEPEMO-Build and  9M5 
from EN14825 (SPFN6 < 9 < 9M5). Not to confuse with S parameter defined in 
EN14825. 
- O: Part load ratio. It is defined as the ratio between the heating/cooling demand, 
and the rated capacity at a certain pair  (, 	) (in kW/kW units): 
O =   
O = 		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NOTE: This parameter is defined in EN14825 as  (Capacity ratio). This is parameter is 
useful when characterizing the performance of a heat pump system under part-load 
conditions.
 
1.2. Origin and motivation of the project 
The motivation of the present project arose from a preliminary analysis of the data recorded 
by the monitoring system. The aim of this first analysis was to assess the performance of the 
GSHP system through the evaluation of its SPF. The result was somehow disappointing, 
because the values were 3.2 and the European directive states a minimum expected value 
of 3.5 for GSHP systems [1] .Moreover, it was found a large deviation between the actual 
thermal load of the building and that reported in the engineering project. For this reason, a 
deeper analysis was required in order to elucidate whether the facility performance was yet 
optimum or if there was still room for improvement.  
Our starting point consists of the collection of weekly-aggregated data of thermal and electric 
energy (production and consumption, respectively) and several temperature parameters 
(weekly-averaged).   We must take into account that at the beginning of this work, the system 
had been recording data for almost 1.5 years, although the facility had been operative for 
more than 4 years. In this sense, there is a lack of useful and relevant data, but somehow 
there is enough information for an exhaustive analysis of the facility and to assess its 
performance, since we had at least one complete set of data for a cool and a warm season, 
which allowed us to extract values of the 9 and 9. At the end of this study we were 
able to record two sets of complete warm and cool season data. 
Figure 4 shows the evolution of thermal and electric energy produced and consumed.   
and /01 are shown as positive values and 	 as negative ones. At first sight, we see that 
no /01 is recorded during the warm seasons (although we know there was actual DHW 
production).  
Evolution of / is shown in Figure 5 (weekly-integrated values). From the recorded 
complete warm and seasons, a PQRS∗ of 3.24 and a PUUV∗ of 3.22 are obtained1. We 
                                               
 
 
1
 We distinguish the preliminary values from their generic name  9 and 9 as 9∗ and 9∗, respectively 
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must emphasize that these are preliminary values, because as we will see later, there are 
several corrections to be made to these numbers.
Figure 4. Thermal/electrical energy generated for heating, cooling and DHW, weekly
until the beginning of the present work. 
In order to check whether these values 
require a reference value to compare with, regardless of the actual climatic conditions and 
performance of the heat pump. For this the norm EN14825 provides appropriate seasonal 
performance indicators: 9 
according to norm EN14825, we must take into consideration the following features 
system: 
- Fixed speed compressors 
- Fixed brine/water flows 
- Extra back-up heating or cooling units
- Climate type: “Warm” 
- Heat source/drain: Ground 
- Temperature application: “M
The resulting values for our system are 
the calculation can be found in the referenced norm
increment with respect to the values shown above for our measured 
(30% and 50% higher, respectively). Therefore, we consider this 
discrepancy in performance beyond the error attributable to 
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Figure 5. Evolution of the weekly
beginning of the present work.
1.3. Main goals of the project
The aim of this project was to:
- Analyze a real GSHP system to identify and quantify its current limitations
- To model the system by means of simulation software tools
- Propose strategies for the optimization of the system performance.
- Quantify the limit capability of the system in terms of maximum thermal load.
1.4. Scope of the project
The analysis is limited to the heat/cold production side of the building (GSHP). We do not 
into detail about distribution system, which obviously would be of high interest in order to 
perform a complete energy audit to the building.
component is restricted, so we can only rely on
and/or the on-site readout of the metering devices or heat pump equipment itself. 
no double-check was carried out
sensors, neither electrical consumption. 
-source heat pump installation in a medium-sized office building
climatic conditions and actual heat pump capacity 
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2. Description of the GSHP facility  
The facility was set up as part of a new office building, inaugurated the in July of 2012, and it was 
designed to cover the full load of heating and cooling, with no alternative heater equipment. Several 
important operation parameters of the facility can be monitored remotely in real-time through a data 
acquisition module, which transfer the data to an IP terminal and show them through a graphical 
interface. Most of these parameters can be logged and stored in .csv format. However, the data 
recording was not systematically carried out until June of 2015. In Figure 6 it is shown the diagram of the 
facility and all their main components, which are described in the next section. 
2.1. Main components and features 
The components labelled in Figure 6 are here described: 
2.1.1. Borehole field (1) 
Heat is extracted/injected from/towards the ground through a set of 10 vertical boreholes, 140 m deep. 
Each borehole presents a diameter of 130 mm, and there is a single “U”-shaped tube pair embedded into 
it. The material of the tube is polyethylene (PE-100 PN16), with a nominal outer diameter of 40 mm 
(outer/inner diameter ratio according to SDR11). The space between the tubes and the borehole walls is 
filled with thermo-concrete. Its thermal conductivity is >1W/mK, although the actual value is not provided 
in the initial project document).  
A thermal response test (TRT) was carried out at the location of the projected building, prior to the sizing 
of the installation. The borehole drilled to this extent was 148m deep, and 120 mm in diameter. As a 
result, it was determined a mean ground thermal conductivity of λ=2.09 W/mK, a thermal diffusivity of 
α=5.026·10-7 m2/s, and an undisturbed ground temperature value of T0=14.9ºC. The material found is a 
concatenation of different types of clay. The value of the thermal conductivity is reasonably high 
considering the type of terrain, but it differs from the value provided by the database of the ICGC at the 
same location, which is 2.6 W/mK . 
2.1.2. Heat pump (2) 
The main component of the facility is a heat pump from NIBE (Figure 7), model FIGHER 1330. This 
consists of two twin modules of 30kW each (nominal capacity), operating in parallel. The main advantage 
of this configuration is that although the compressors operate at fix speed, it is not required to operate at 
full capacity (60kW) whenever heat or cold is demanded. 
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Figure 6. Diagram showing the main components and connections of the production facility.  
1 
2 
3 
4 5 
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In fact only one compressor (30 kW) is enough to do the job during the most of the time. 
Nevertheless, at hours when the demand is particularly high, the second compressor can 
switch on. This way, with a single heat pump facility we can skip the installation of additional 
heat sources like electric or gas boilers. Moreover, the total number of start-stop cycles will 
be lower than if we had a single-module heat pump with the same total capacity, which in the 
end favours a higher 9/9. In addition, this twin-module configuration allows 
producing DHW and heating at the same time (the capacity is limited to 30 kW for each 
purpose though). 
 
Figure 7. Scheme of the heat pump F1330-60 from NIBE (re-printed from the user’s manual). 
Notice that there is a single circulation pump at the evaporator side (  = 1.3 kW), but two 
circulation pumps at the condenser side ( 2 \  = 2 x 0.17 = 0.34 kW). This means that 
when a single compressor is ON, only one of the circulation pumps at the condenser side is 
operative. Therefore, the electrical consumption due to circulation of the ground and heating 
fluids also depends whether there is one or two compressors operative (;	 =  + = 1.47 kW or 6	 =    + 2 \  = 1.64 kW, respectively). This configuration also 
helps to safe energy. 
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2.1.3. Cycle inverters (heating/cooling shift) (3) 
These two modules (NIBE, model HPAC 42) act simultaneously to allow shifting the 
connection of the fluid from/towards the borehole field with the evaporator (heating mode) or 
the condenser (cooling mode) of the heat pump. Looking from the heating medium side, it 
allows shifting the connection of the fluid from/towards the heating medium with the 
condenser (heating mode) or the evaporator (cooling mode).  
2.1.4. Storage vessel (4) 
The storage vessel acts effectively as the heating medium of the system, although it is 
actually an intermediate stage between the heat pump and the building distribution system. It 
is a tank of 750 l capacity, thermally isolated. Thanks to its higher thermal inertia (compared 
to the fluid circulating through the building distribution system), the heat pump is able to run a 
lower number of start-stop cycles, although longer in duration. This way the effective overall 
ON time of the compressors might be similar, but lower star-stop cycles will always 
contribute to a more efficient operation of the heat pump, as mentioned above. During the 
cool season, it contains a mass of hot brine (set point is 42ºC), and during the warm season, 
the brine mass is cooled to a set point of 9ºC. 
2.1.5. Domestic hot water vessel (5) 
The domestic hot water vessel is a tank of 1000 l capacity, with an analogous function as the 
storage vessel (avoid excessive cycling of the heat pump). However, here the brine 
circulates through a double zig-zag pipe circuit that exchanges heat with the domestic water 
inside the tank, avoiding the mix of fluids. The set point is 38ºC. It is important to remark that 
this set point temperature is too low to guarantee the no-proliferation of legionela, and for this 
reason the tank is equipped with a 3 kW electrical resistance at its base that periodically rises 
the temperature of the tank to 60ºC for a short period of time. It is important to mention that 
this power consumption is not computed within the overall electrical consumption of the 
heat/cold production facility. 
2.1.6. Monitoring system (not indicated in Figure 6) (6) 
The monitoring system is composed of two main blocks: 
- Hardware comprising flow and temperature sensors, thermal and electrical energy 
metering (from KAMSTRUP), and the intercommunication interface with the system, 
which is a unit from NIBE. 
- Hardware and software of the user interface (from SAUTER), which integrates many 
other information parameters apart from the heat/cold production facility, as the 
alarms block (fire, intrusion, etc.), illumination and heating/cooling distribution of the 
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whole building. This system allows time-recording of several (not all) parameters. The 
user interface is accessible via web through a fix IP address (password protected). 
 
Figure 8. Snapshot of the website user interface, regarding the GSHP facility and some of the relevant readouts 
(mainly temperatures). 
The data recording show three possible modes: 
- Hourly: The values are recorded each minute and stored for the last 60 minutes. 
Temperature values are averaged over 1 minute periods. 
- Daily: The values are recorded every 30 minutes and stored for the last 24 hours. 
Temperature values are averaged over 30 minute periods. 
- Monthly: The values are recorded every 24 hours and stored for the last 37 days. 
Temperature values are averaged over 24 hour periods. 
- Yearly: The values are recorded every 7 days and stored for the last 365 days. 
Temperature values are averaged over 7 day periods. 
2.2. Operation and current performance 
The facility can operate essentially in three different modes:  and/or /01 production 
(cool season), 	 and/or /01 production (warm season) or just /01  production 
(intermediate seasons). In our case, only the two first modes are actually used, and they are 
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explained in detailed in §2.2.1. In Figure 9 the heat fluxes corresponding to each operating 
mode are illustrated . 
 
Figure 9. Scheme representing the operation modes of the installation and their corresponding heat flows: 
heating and/or DHW; just cooling (dashed arrows) or cooling + DHW (solid arrows); just DHW. 
Notice than during the warm season, the heat rejected from the building can be re-used for /01 production, which contributes to increase the efficiency of the system, since we are 
producing useful  and 	 within the same process.  
The capacity of the heat pump is not a constant value. It depends on  and 	. In 
Table 1 it is shown the values of the nominal heating and cooling capacity of the heat pump 
under study, provided by the manufacturer. The column Heating Capacity is the heat 
transferred at the condenser. In the cold season, it corresponds to the heat transferred to the 
building, while in the warm season, it is the heat transferred to the ground. So the heat pump 
essentially does the same job regardless of the season (see Figure 1). It is the circulating 
fluid what is shifted from one season to the other thanks to the HPAC module. The column 
Cooling Capacity accounts only for the heat that is removed from the ground during the cold 
season or from the building in the warm season. Therefore, in the column Electric power it is 
presented the electricity consumption of the heat pump (just compressors), so it holds the 
following: 
 − 	 =  
For the calculation of / values, we use a constant value of =1.74 kW, which is 
obtained from our data analysis, and is higher than the nominal values mentioned in §2.1.2 
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Tevap_in 
(ºC) 
Tcond_in 
(ºC) 
Nominal capacity: 60kW 
Heating 
capacity 
(Pheat) 
(kW) 
Cooling 
capacity 
(Pcold)  
(kW) 
Electric 
Power 
(Pc)   
(kW) 
COPEN255 EEREN255 COPd EERd 
-5 35 52,58 39,40 13,18 3,99 2,99 3,53 2,64 
-5 40 51,75 37,50 14,25 3,63 2,63 3,24 2,35 
-5 45 50,92 35,60 15,32 3,32 2,32 2,99 2,09 
-5 50 50,09 33,69 16,40 3,06 2,06 2,76 1,86 
-5 55 48,91 31,08 17,83 2,74 1,74 2,50 1,59 
-5 60 47,72 28,45 19,27 2,48 1,48 2,27 1,35 
-5 65 46,54 25,84 20,70 2,25 1,25 2,07 1,15 
-2 35 57,44 43,86 13,58 4,23 3,23 3,75 2,86 
-2 40 56,48 41,83 14,65 3,86 2,86 3,45 2,55 
-2 45 55,52 39,79 15,73 3,53 2,53 3,18 2,28 
-2 50 54,56 37,75 16,81 3,25 2,25 2,94 2,04 
-2 55 53,35 35,08 18,27 2,92 1,92 2,67 1,75 
-2 60 52,15 32,41 19,74 2,64 1,64 2,43 1,51 
-2 65 50,94 29,74 21,20 2,40 1,40 2,22 1,30 
0 35 60,68 46,84 13,84 4,38 3,38 3,90 3,01 
0 40 59,63 44,71 14,92 4,00 3,00 3,58 2,68 
0 45 58,59 42,59 16,00 3,66 2,66 3,30 2,40 
0 50 57,54 40,46 17,08 3,37 2,37 3,06 2,15 
0 55 56,32 37,75 18,57 3,03 2,03 2,77 1,86 
0 60 55,10 35,05 20,05 2,75 1,75 2,53 1,61 
0 65 53,88 32,34 21,54 2,50 1,50 2,31 1,39 
2 35 64,45 50,29 14,16 4,55 3,55 4,05 3,16 
2 40 63,20 47,97 15,23 4,15 3,15 3,73 2,83 
2 45 61,94 45,63 16,31 3,80 2,80 3,43 2,53 
2 50 60,69 43,31 17,38 3,49 2,49 3,17 2,27 
2 55 59,11 40,27 18,84 3,14 2,14 2,87 1,96 
2 60 57,53 37,23 20,30 2,83 1,83 2,61 1,69 
2 65 55,95 34,19 21,76 2,57 1,57 2,38 1,46 
5 35 70,10 55,46 14,64 4,79 3,79 4,28 3,39 
5 40 68,54 52,83 15,71 4,36 3,36 3,93 3,03 
5 45 66,98 50,21 16,77 3,99 2,99 3,62 2,71 
5 50 65,42 47,58 17,84 3,67 2,67 3,34 2,43 
5 55 63,30 44,04 19,26 3,29 2,29 3,02 2,10 
5 60 61,18 40,50 20,68 2,96 1,96 2,73 1,81 
5 65 59,06 36,96 22,10 2,67 1,67 2,48 1,55 
7 35 74,31 59,26 15,05 4,94 3,94 4,43 3,53 
7 40 72,59 56,50 16,09 4,51 3,51 4,07 3,17 
7 45 70,88 53,76 17,12 4,14 3,14 3,76 2,85 
7 50 69,16 51,00 18,16 3,81 2,81 3,48 2,56 
7 55 67,24 47,61 19,63 3,43 2,43 3,15 2,23 
7 60 65,32 44,23 21,09 3,10 2,10 2,86 1,94 
7 65 63,40 40,84 22,56 2,81 1,81 2,61 1,68 
10 35 80,62 64,95 15,67 5,14 4,14 4,63 3,73 
10 40 78,67 62,01 16,66 4,72 3,72 4,28 3,37 
10 45 76,73 59,08 17,65 4,35 3,35 3,96 3,05 
10 50 74,78 56,14 18,64 4,01 3,01 3,67 2,76 
10 55 73,16 52,99 20,17 3,63 2,63 3,34 2,42 
10 60 71,54 49,83 21,71 3,30 2,30 3,05 2,13 
10 65 69,92 46,68 23,24 3,01 2,01 2,80 1,87 
12 35 84,82 68,74 16,08 5,27 4,27 4,76 3,86 
12 40 82,72 65,68 17,04 4,85 3,85 4,41 3,50 
Table 1. Nominal data of the heat pump performance provided by the manufacturer (black characters). Three extra 
columns of data have been added (blue characters). In order to calculate   and , additional consumption 
of 1.74kW (corresponding to circulation pumps) is considered. 
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2.2.1. Modes of operation 
A certain depth of knowledge related to the operation modes is crucial to identify possible 
structural deficiencies and for a proper interpretation of the data collected by the monitoring 
system. For this reason, here we describe in detail the different operation modes of the 
facility: 
1.- Heating mode (heat and/or DHW demand) 
Compressor A is ON. The brine coming from the ground exchanges heat with the 
evaporator, and the heating fluid in the storage vessel (water) exchanges heat with the 
condenser. If extra heating capacity is required, compressor B and the corresponding 
circulation pump switch ON. The three-way valve at the outlet of condenser B is directed 
towards the storage vessel. 
 
Figure 10. Diagram illustrating mode of operation “Heating mode”, just with heat demand. 
When DHW production is required (regardless of the heat demand), compressor B is ON, 
and the three-way valve drives the heating fluid towards the exchanger circuit within the 
DHW vessel. This can be done at the same time as heating. 
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Figure 11. Diagram illustrating mode of operation “Heating mode”, with DHW demand. 
2a.- Cooling mode: Just cooling demand 
Compressor A is ON. The brine coming from the ground now exchanges heat with the 
condenser (heat injected towards the ground), and the evaporator receives the fluid (water) 
from the storage vessel. The three way valve at the outlet of the condenser is positioned 
towards the ground. If extra cold is required, the compressor B also can turn ON. 
 
Figure 12. Diagram illustrating the mode of operation “Cooling mode”, without DHW demand. 
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2b.- Cooling mode: Cooling demand and/or DHW  
If there is DHW demand, the heat rejected from the building is sent towards the DHW vessel 
instead of to the ground, profiting the same thermal energy for heating and cooling at the 
same time. In this case, only compressor B is ON, and the 3-way valve is then positioned 
towards the DHW vessel. No heat is exchanged with the ground.  
 
Figure 13. Diagram illustrating the mode of operation “Cooling mode”, with DHW demand. 
It is important to remark that when the heat pump is under cooling mode, the brine is loaded 
towards the storage vessel through the same duct as in heating mode. However, now the 
brine is the output of the evaporator, so the pipe placed at the top of the vessel is receiving a 
colder fluid than the outlet, which is placed at the bottom. This clearly breaks the stratification 
of the tank, and contributes to reduce the efficiency of the heat pump and the heat transfer 
towards the building, since the inlet temperature at the evaporator is lower than it could be if 
coming from the upper part of the storage vessel instead. This is an inherent drawback of the 
design of the facility that did not include any system to invert the sense of the fluids coming 
and going from/to the storage vessel. A 4-way valve properly located would suffice to this 
end. 
Another relevant detail is that the circulation pumps do not run continuously, but they switch 
on 20 seconds before the compressor starts, and switch off 20 seconds after the compressor 
stops. This indicates that the more ON/OFF cycles, the lower the / will be. 
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2.2.2. Energy metering 
There are three energy-meters from KAMSTRUP. The first one is for the electrical energy 
consumed by the heat pump (model 382J), and accounts for the electricity consumed by the 
compressors A and B, and the circulation pumps. The other two are of the same type (model 
MULTICAL 601), and they are able to measure heat and cold. For this purpose, the thermal 
energy meters integrate the thermal energy from the well-known expression: 
 = ^ · ` · ∆                                                          (b. 1) 
So in order to obtain instant values of  , the instant readout of an inlet and an outlet 
temperature are required (labelled as ; and 6, which account for the inlet and outlet 
temperature, respectively, at the storage and DHW vessels), as well as the instant 
mass flow  ^ . Temperature sensors are type Pt100 in the case of the DHW energy-meter, 
and type Pt500 for that of the storage vessel. The flow-meters are based on Doppler shift 
measured on ultrasonic pulses through the circulating fluid. They transform the flow readout d  into mass flow ( ^ = d e) taking into account fluid density and temperature corrections. The 
same is considered for the value of ` 
The energy-meter of the DHW vessel is pre-set as for just heat measuring. However, it does 
not mean that it cannot measure also cold. The configuration is: 
- The device measures heat when ; > 6  
- The device measures cold  when ; < 6.  
It only displays the heat
 
 generated (register named E1), although it also records internally 
any cold
 
 that might take place. 
Besides, the energy-meter of the storage vessel is preset as for heat + cold measuring. Here 
the configuration is slightly different: 
- The device measures heat when; > 6 & ;> 25 ºC, 
- The device measures cold when ; < 6. & 6< 25 ºC. 
Both quantities are displayed (register named E1 and E3 for heat and cold, respectively). 
Page 30  Project memorandum 
 
3. Facility analysis 
Throughout the first stage of this work, special attention has been paid to all the aspects 
regarding data collection, from the operation of the sensors to the data collection, 
transmission and processing to the monitoring system, as far as we could access to this 
information. Once the reliability of data collection was characterized, the available (and 
reliable) data was used to identify any possible source of performance degradation among all 
the parts of the facility, including the GSHP and the borehole field.  
3.1. Methodology 
In this study we developed a methodology based on the analysis of the data recorded by the 
monitoring system and its further treatment in order to identify possible limitations, 
malfunctioning or degradation in performance. For this reason, a first step is dedicated to 
check the reliability of the data collected and see whether the information employed for 9  and 9 is accurate enough. Otherwise, the deviations will be quantified. A second 
step is dedicated to post-processing of the data. Our intention is to compare the performance 
of the system with the rated values  and  (provided by the heat pump 
manufacturer) in detail, so we will be able to identify and quantify any physical degradation. 
This is especially relevant in heat pumps where cyclic operation takes place. It is well-known 
(norm EN14825 focuses on the characterization of heat pump performance under cyclic 
operation) that part-load operation is an inherent source of performance degradation mainly 
due to extra power consumption of the compressors at start, re-balance of refrigerant 
pressures within the refrigerant circuit and stand-by power consumption. We also must 
include the extra consumption of the circulation pumps before and after each cycle (see 
§2.2.1). 
For this reason, we will need to extract real values of O in our system, and compare the 
performance of our system by means of the part load factor (O:), which is defined as the 
ratio between the actual / under cyclic conditions and the corresponding steady 
state /  at equivalent operating (temperature) conditions, integrated over the same 
time period (>>>>>>>/>>>>>>>>): 
O: = >>>>>>> 
O: = >>>>>>>> 
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3.1.1. Data collection 
First of all, after extensive checking-out work, we identified all the relevant parameters 
accessible by the monitoring system and at the facility itself. These are listed in Table 2 and 
Table 3. We show which were able to be time-recorded or just readout, which could be 
accessed remotely, and which ones just in-place.  
 
Remote readout 
Resolution In-place 
readout 
Resolution Comments 
Parameter Readout 
Possibility 
of time-
recording 
/	 Operative yes 1kWh Operative Operative 1kWh 
Deviation from actual 
values due to “ghost” 
production. /	    Operative 0.1kW  
/01 Operative yes 1kWh Non-operative 1kWh 
Wrong set-up of the 
energy-meter caused 
wrong remote recording 
until 28/07/2017 (fixed this 
date). Also deviation from 
actual values due to failure 
in 3-way valve /01    Operative 0.1kW  
 Operative yes 0.125 Wh Operative 1kWh 
Resolution of remote 
readout is artificial. 
Maximum real resolution is 
1Wh, since the electric-
meter transmits 1000 
pulses per kWh to the 
data-logger. 
	 Operative with 
failures 
yes 0.125 Wh   
Sometimes total electrical 
energy is lower than that 
corresponding to   
	 	
 Operative but wrong 
definition 
Yes 1 kWh    
2	 	
 Operative but wrong 
definition 
Yes 1 kWh    
Table 2. List of energy-related operating parameters accessible by the user. 
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 Remote readout 
Remote 
readout 
In-place 
readout 
Resolution Comments 
Parameter Readout 
Possibility 
of time-
recording f     Operative 0.1ºC  
f 	
    Non-operative 0.1ºC 
Failure at internal 
temperature sensor within 
the heat pump g     Operative 0.1ºC  
g 	
    Non-operative 0.1ºC 
Non-reliable readout of the 
temperature sensor within 
the heat pump 	f     Operative 0.1ºC  	f 	
    Operative 0.1ºC  	g     Operative 0.1ºC  	g 	
    Operative 0.1ºC   Operative yes     	
  Operative yes     
hi Operative yes 0.01ºC   It corresponds to the outlet temperature of the SV, 
placed at the bottom duct ;hi (hi)    Operative 0.1ºC  6hi (hi	
)    Operative 0.1ºC  
/01 Operative no 0.01ºC   Its location could not be identified yet. ;/01 (/01)    Operative 0.1ºC  6/01 (/01	
)    Operative 0.1ºC  d    Operative 0.1 l/h  d	    Operative 0.1 l/h  
'	f M5 Non-operative yes 1min Operative 1h Problem at the data acquisition interface '	g M5 Operative yes 1min Operative 1h  
' Non-
operative 
yes 1min    
'		  Operative yes 1min    
Table 3. Continuation of Table 2, now with temperature, flow and time parameters. 
In the following paragraphs, a detailed analysis about the causes (and even the 
consequences) of the malfunctioning of the data acquisition is presented. Supported 
evidence is showed along with the explanations when necessary. 
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3.1.2. Monitoring system diagnostics and troubleshooting 
3.1.2.1. Recording of UjXkY/lZmn 
The production of heat or cold is set manually by means of the mode operation selection at 
the console of the heat pump. Therefore, no cooling is supposed to take place during the 
cool season, and no heating during the warm one. Nevertheless, some  was registered 
during the warm season, and some 	 was registered during the cool season, which 
obviously represents an anomaly. In Figure 14 (top plot) it is seen how some  is 
measured around 9:15 am in the morning of a summer day, when the heat pump is actually 
OFF. It is interesting to note that this “ghost” energy read-out coincides with a sudden rise-up 
of the temperature at the storage vessel, as seen in the temperatures plot (Figure 14, bottom 
plot). This temperature increment is probably linked to the activation of a set of fan-coils 
within the building distribution system (cooling demand starts). Therefore, it is obvious that 
the measuring of  makes no sense at all, from the side of the production system, 
because the heat pump is OFF at that moment. On the other hand, we must take into 
account the principle of operation and the configuration of the energy-meter installed at the 
storage vessel (see §2.2.2). This means that at some point ;hi > 6hi & ;hi> 25 ºC. It is 
somehow surprising that this might happen when the heat pump is operating under cooling 
mode, because the set point of the storage vessel is 9 ºC, well below 25 ºC. Analogously, 
observations made under heating mode
 
also reveals anomalous measuring of 	. This 
type of event is particularly frequent during the days around the change from heating mode
 
to 
cooling mode or vice versa. In Figure 15 it is observed that during the change from one mode 
to the other, there is simultaneous recording of  and 	, but one of them is not 
generated on purpose. This can be explained by the fact during these days the overall 	  show minimum values along the year (as expected), which means that the 
compressors in the heat pump are OFF during long periods of time. This could reasonably 
lead to the local temperature variation of the liquid around the ;hi sensor, located in the 
upper inlet duct of the storage vessel, achieving a temporary equilibrium with the ambient 
temperature. This could also point out to a bad isolation of the sensor or the pipe itself at this 
point. 
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Figure 14. Data recording for a period of >8h (22nd of June of 2017), where the heat pump is OFF (both 
compressors appear to be OFF), but the circulation pumps are ON at the load side. Some “ghost” energy is 
recorded in the form of /01 and  . 
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3.1.2.2.  Recording of 
In order to understand the anomalous measuring of this parameter, w
performance of the system during two key 
- /01 data recording by the monitoring system
Figure 14). 
- Actual DHW production but not 
Figure 16).  
In the first case (Figure 
place, since the compressor B is OFF, but there is a mean power of ~0.75
power for more than 8 hours. Besides, the
constant power of 0.375
circulation pumps within the heat pump. This obviously 
pumps where ON, which	
, since they are similar during this period, as expected when there is no heat 
extracted or injected from/towards the borehole field.
-source heat pump installation in a medium-sized office building
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In the second case (Figure 16), the analysed time period (>60min) can be split into 3 well 
differentiated periods. In period 1, cooling takes place by means of compressor A, since 
compressor B is OFF, and hi  is descending. In period 2, cooling also takes place, but now 
compressors A and B are ON. This is confirmed by the fact that hi continues to descend at 
a higher rate, and 	 production doubles its rate. Finally, in period 3, only compressor B is 
ON. Just this is enough to justify that DHW production is taking place. However, we identify 
two unexpected events: 
- Only 1 kWh of /01  is recorded, although 	  continues to grow (but a lower rate 
than in period 2), which implies that DHW is being produced profiting from the heat 
rejected by the building, as expected in the warm season. 
-  decays as expected, since no heat is being injected towards the borehole 
field. However, after ~6min, it starts to rise up to unusual high values (>35ºC!). This 
fact is analysed in detail, below. 
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Figure 16. Data recording for a period of >60min (18th of May, 2017). There are three periods that are clearly 
identified. In period 1 just cooling takes places thanks to compressor A. In period 2, both compressors A and B are 
ON for cooling. In period 3, just compressor B remains ON, producing DHW profiting from the heat rejected by the 
building, which turns into effective cooling. The evolution of hi,  and 	
 aids the interpretation of the 
events. 
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Fortunately, for this particular perio6, d  and the instantaneous 	
these values with those recorded automatically by the monitoring system. In 
shown the same data as in Figure 
two additional curves obtained from the readout of the instantaneous thermal power 
measured at the two thermal energy
good with the data collected by the monitoring system 
detail for this case later on). On the other hand, the difference between the data from the 
monitoring system and the energy
problem in the energy-meter, since it is clearly measu
integrated and registered in a different location than the one used by the monitor system to 
collect and present the data.
 
Figure 17. Same data as in Figure 16, but with the addition of Cooling and DHW thermal energy calculated from 
the instantaneous thermal power readout at the energy meters.
The first hypothesis was that the position of the temper
mind the conditions for measuring 
 Project memorandum
d we also recorded in parallel the physical readouts of
 and /01 at the energy-meters, so we could compare 
Figure 
16 regarding thermal and electrical energy, but we
-meters. In the case of 	, the matching is reasonably 
(the differences will be addressed 
-meter is self-explanatory. This clearly points out to a 
ring thermal power, but it is being 
 
ature sensors was wrong. Having in 
heat
 
or cold at the energy-meter, we observed that 
 
 ;, 
17 it is 
 add 
in 
 
Analysis and optimization of a ground
;/01 < 6/01 during the 
been considered as cold
internally, but nor displayed, neither recorded. Luckily, the instantaneous 
no matter if it was heat 
On the 28th of July of 2017, a physical inspection was carried out by the 
maintenance personnel, 
corresponding to rsopq
to exchange the connection 
energy recording is correct
takes place when just compressor B
DHW production).  
Figure 18. Data recording of the period between 14h and 18h of the 31
the proper operation of the DHW energy meter was 
Let’s now retake the issue of the anomalous rise of 
Figure 16. This is important because somehow 
-source heat pump installation in a medium-sized office building
/01 production period. Therefore, the energy measured had 
  
instead of heat by the energy-meter, and recorded as such 
or cold, and helped us to identify the actual production of
and it was effectively demonstrated that and rtopq where at the wrong position. The solution was simply 
of the sensors at the energy-meter device
. This can be seen in Figure 18, where /01
 is ON (the rejected heat from the building
st
 of July of 2017 (minute
reestablished.  
 during DHW production shown in 
this fact is telling us that the brine going 
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/01  is displayed, 
 /01.  
installation 
 the sensors 
, so from then on the 
 and 	  production 
 is profited for 
 
-resolved), after 
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towards the ground is interacting with the process of DHW production in cooling mode, which 
should not be possible. Under cooling mode, DHW is produced from the heat rejected by the 
building, so no energy exchange with the ground is expected. This points out to a failure in 
the 3-way valve that drives the brine from the condenser in module B towards the 
DHW vessel or the ground (see Figure 12 or Figure 13). If the position of the 3-way valve 
outlet is not completely set to one way or the other, the brine flow coming from the condenser 
will split into two: one part will go to the DHW vessel, but the other will go to the ground. This 
would explain why the temperature of the brine entering the ground rises to such high 
temperatures. In addition, it is observed a delay of several minutes until the effect on  
takes place. This is attributed to the fact that the “leaking” brine is pushed against a circuit 
with higher pressure drop than that going to the DHW vessel. 
3.1.2.3.  Recording of UXYZYkm 
The total electrical energy consumed by the production system is the electrical energy 
corresponding to  (Compressors and circulation pumps) plus the power consumption of 
the heat pump device itself. The difference between these two quantities can be assumed as 
the “stand-by” consumption. Therefore, we should expect that ∆ < ∆	 at any time. 
Nonetheless, we often observe that ∆ > ∆	 within a sampling periods < 30 min. For 
this reason, we did not take 	 as a reliable parameter. We do not even know from where 	 is obtained in the monitoring system. On the other hand, if we average the time 
derivative of both quantities over a long enough period (>3h) and under the same operation 
regime, we obtain that the “stand-by” power is 0.11 kW. Actually, this is the power 
consumption of the heat pump device shown in the monitoring system web platform. 
Presumably the value of 	 is artificially made-up based on the value of  recorded by 
the electrical energy-meter. Because of this, we preferred to base our study on a more 
reliable and realistic parameter as UX.   
3.1.2.4. Recording of UYZ uvZwWn and UxvZy uvZwWn 
The monitoring system shows a register called “Energy from the ground”, that corresponds 
to: 
“Energy from the ground” =  + 	 + /01 −  
This is a misconception and actually lacks of any utility. In Table 4, a picture of the planned 
and actual performance is presented through the compared values of the thermal load and 
the 9:;. The heat injected/extracted to/from the ground is calculated using the values of 9:;, because this performance parameter takes into account only the heat exchanged at 
the evaporator or condenser and that transformed from electric power to heat power at the 
compressors. It would be a mistake to include circulation pump power, since this is almost 
fully transformed into mechanical work (not heat!): 
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2	 	
 = − z {1 − 19|0;} + /01 ~1 − 19:0;/01 
	 	
 = − z	 {1 + 19|<;} − /01 ~1 − 19|0;/01 
?  = 2	 	
 − 	 	
 
The sign convention for the balance is as follows: 
	(−)           (+)        /01(+)     	 	
(+)       2	 	
(−) 
 
 
Heating 
(10/40ºC) 
DHW 
(10/40ºC) 
Cooling 
(10/20ºC) DHW Energy balance
2
 
Pl
an
ne
d 
/E
xp
ec
te
d 
Load (kWh) +43720 (Considered 
within heating) -45890 
(Considered 
within heating) -2170 
Heat from/to 
ground (kWh) -34457 
(Considered 
within heating) +54749 0
(3)
 
+20253 
(Gnd. heats up) 9:0;/9:<; 4.72(4) 5.18(5) -- -- 
Ac
tu
al
 
Load (kWh) +85254 +3648(6) -33883 +1923 +56942 
Heat from/to 
ground (kWh) -62198 -2661 +41435 0 
- 23423 
(Gnd. cools down) 9:0;/9:<; (7) 3.70 No data 3.58 - - 
Table 4. Summary of the data of what was planned/expected and what was observed at so far at the beginning of 
this study, considering one complete season period for warm and cool seasons. Measured parameters are 
presented in bold. 
 
                                               
 
 
2
 This value corresponds to Cooling load + Heating load.  
3
 Re-use of building energy for DHW heating should be subtracted from the cooling load for the balance 
calculation, because this energy is not injected into the ground. However, in the prediction of load there is no 
distinction. 
4
 We choose this value as the mean 9:0; ( = 10º; 	 = 40º) in order to obtain an estimation of 
what would be the heat exchanged with the ground under nominal conditions.  
5
 Analogously as before,  9:<;mean value corresponds to  = 10º and 	 = 20º 
6
 This is the value estimated as a first approximation (see §3.2.3.2). 
7
 These values are artificially built-up, dividing our measured 9 = 3.37 and 9 = 3.22  by the ratio between 
declared coefficient of performance and that according to EN255: /45677 (10/40ºC) and  /45677(10/20ºC), respectively. 
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In our calculations, it is remarkable the large difference between the projected and the actual 
load. Measured heating load exceeds the predicted value by almost 100%, while the 
measured cooling load shows a reduction of 25% w.r.t. its corresponding prediction. This 
leads to a totally different scenario regarding ground temperature dynamics, because we 
move from a yearly net positive geothermal energy balance (+ 20253 kWh) to a negative one 
(- 23423kWh). Both values are of the same order of magnitude in absolute value. Therefore 
we expect that the ground will cool down over the years. The reason for this difference lies 
mainly on the side of the demand, but the analysis of its causes is beyond the scope of the 
current study.  
3.1.2.5.  Recording of rXk ZwY 
The value of this parameter can only be checked physically at the heat pump display, but it 
shows values >85ºC at all times, which makes no sense. It is very useful to know this, since 
we can evaluate the temperature difference between the inlet and outlet of the evaporator. 
So far, this has been attributed to a failure of the temperature sensor. 
3.1.2.6.  Recording of rXk ZwY 
The readout of this parameter is not reliable, as it is shown in Figure 19. g  and g 	
 
are almost coincident and close to 6hi at the beginning of the test, which is something 
expected, because there is no refrigerant flowing through the evaporator in module B. 
Nevertheless, when the compressor B starts to operate at minute 36, g 	
 starts to drop 
and approaches the value of ;hi (which is also something expected), but immediately, it 
rises and surpass the value of g . From this moment on the evolution of this 
temperature readout has no sense, because an evaporator is conceived in such a way that g 	
 must be lower than g . 
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Figure 19. Time evolution of several temperature readouts of the facility, during the test of 18
(same as in Figure 16). 
3.1.2.7.  Recording of 
For some reason (unknown yet)
compressor A (Figure 
can be checked at the display of the heat pump
evaluate the O.For this reason, 
of YlZy R from indirect measurements
could only be possible if the processed data is minute
resolution showed inherent uncertainty about when the compressor
This algorithm allowed us to
recording of thermal and electrical ener
as the operating temperatures (bottom plot).
under cooling mode. However, 
identify '	f M5 under 
several days under heating mode
Unfortunately, by the time when the algorithm was developed, we only had available minute
resolved data in cooling mode
-source heat pump installation in a medium-sized office building
YlZy R  
 the monitoring system does not record the
20), although this information (total accumulated hours of operation) 
. This information is relevant in order to 
we implemented a simple algorithm to obtain the val
 (Figure 21). It is important to remark that this 
-resolved, because lower time 
 recover the “hidden” '	f M5. In Figure 
gy, along with '	f M5 and '	g
 Notice that this algorithm is valid
it is straightforward to implement an analogous procedure to
heating mode. To do this, we need to gather operation data for 
 operation in order to set the thresholds for 
.    
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 of May of 2017 
 operation time of 
ue 
 was actually operating. 
22 it is shown the time-
M5 (top plot), as well 
 specifically 
 
∆ and . 
-
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Figure 20. Time evolution of the weekly-accumulated
data recorded by the monitoring system. 
 
Compressor A is ON if:
OR 
 
 
Figure 21. Algorithm created to identify the time when compressor A is ON
Compressor B is 
&  
 > 12 kW
( – 	

Compressor B is OFF 
& 
 > 3kW
 & 
( – 	

 Analogously as in the previous case, the temperature difference 
between inlet and outlet brine must be above a certain value to 
consider we have active cooling, but higher than 
compressors are ON 
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 hours of operation of compressors A and B, accordin
 
 
 
 (under cooling mode operation)
ON 
 
) > 7 ºC 
 
 
) > 5 ºC 
 If there is cooling with just 1 
compressor and compressor 
B appears to be OFF, then 
A is ON.  
 
 Electric power must be 
above a certain threshold 
value if there is active 
cooling being carried out.
 
 The temperature difference 
between inlet and outlet 
brine must be above a 
certain value to consider we 
have active cooling
 
 If there is cooling with two 
compressors, Compressor B 
will appear to be ON, and…
 
 … the electric power must 
be above a certain threshold 
that distinguish between 1 or 
2 compressors. If electric 
power is below, it means 
that only compressor B is 
ON, and therefore it will be 
doing DHW. before, since both 
 
g to the 
. 
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Figure 22. Time evolution of energy, temperature and compressor operation, the 19th of July of 2017. In this plot, /01 is still wrongly recorded. 
3.1.2.8. Recording of 
 
YjXkYWu  
The monitoring system fails to record the time when the heat pump is operating under 
heating mode. However this parameter is not really relevant for our analysis work, and we 
did not perform any action to overcome this failure yet. 
3.1.3. Data processing and comparison 
Once the analysis of the monitoring system was finished, we started the analysis of the data. 
The methodology was based on the characterization of the heat pump performance and its 
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comparison with the rated performance. We realised that in order to do so, minute-resolved 
data recording was necessary, and therefore, it was created an automatic routine for periodic 
data-logging, that allowed us to record data each hour with minute resolution. Unfortunately, 
this routine was launched the 22nd of June of 2017, so at the time of writing this work only 
cooling mode data was available8. In parallel, an excel spreadsheet was also developed in 
order to load the data downloaded as .csv files and to present it in a comprehensive manner 
for further treatment. The information recorded accounts for , 	, , 	, /01, hi, , 	
 and '	g , which represents 9 .csv files per hour (60 points each), 
and 216 .csv files per day. Therefore, it was also necessary some programming work under 
Visual Basic environment in order to allow an automatic and fast loading/processing of the 
data in excel just by inserting the desired time date for downloading. Unfortunately, the data-
logger routine showed many failures due to external causes. Consequently, there were many 
days with partial data o no data at all to work with. 
The main idea is to extract empirical and representative pairs of values (O:, O) under 
cyclic operation and to extract information about the degradation losses. This will be carried 
out by means of suitable models established in the literature and the European standard 
EN14825. These models relate O: vs. O through several degradation factors, which act 
as the fitting parameters. 
According to EN14825, the only source of performance degradation in water-to-water heat 
pumps under cyclic operation is the stand-by consumption when the compressors are OFF. 
This norm considers that start-up losses are negligible in air-to-water and water-to-water 
systems. Applying this to our nomenclature, it would hold that: 
O: = O · O + (1 − )                                            (b. 2) 
                                               
 
 
8
 Previously, a data-logging routine was developed to download data with a periodicity of 1 day, and a 
resolution of 30 minutes. It was launched in March of 2017. Nevertheless, after extensive analysis 
work we concluded that the data lacked of enough resolution to extract consistent conclusions about 
the performance of the system, mainly because we could not extract reliable numbers neither from O:,nor O. The main reason for this was the impossibility to re-construct the 'M5 profile of 
compressor B, and even less for compressor A. Since the data were averaged over 30 minutes, 
much of the relevant information for the analysis was somehow hidden. 
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Where  is the stand-by losses coefficient, and its value goes from 0 to 1, being 1 when 
there are no losses. In our case, this relation is useless, since our definition of O: does not 
contain implicitly any information about the stand-by consumption. Remember that we 
defined our  and >>>>>>> considering just the electrical consumption of the compressors 
and the circulation pumps. It means that in the above expression we should take =1, so O: = O. In fact, EN14825 provides a way to determine the value of : 
 = 1 − ? +                                                            (b. 3) 
In our case, ?=0.11 kW (measured). The value of  is also known (1.74 kW), but  
depends on the pair (, 	). If we look into Table 1, the lowest value of  is around 
13 kW, so the highest value of  expected is: 
 = 1 − 0.1113 + 1.74 ≅ 0.993 
Which means that not considering  in our calculations would cause an error lower than 1% 
in O: calculation if O > 0.5, and lower than 2% if 0.5 > O > 0.25.  
From our preliminary experience (see §1.2), to attribute any degradation source exclusively 
to the stand-by power consumption seems far from realistic. Consequently, we must explore 
other alternatives. In literature, there are examples of water-to-water characterization where 
partialization losses coming from the start-up of the compressors are not negligible, in 
contrast to EN14825. This is the case of the work done by E. Fuentes and co-workers [9]. 
This team found that partialization losses due to start-up of the compressors depend on the 
ratio between the volume of the storage vessel and the heat pump capacity (l/kW). That is, 
the lower the ratio, the higher the start-up losses. They applied an analytical expression 
developed by C. Montagud and her team [10], where a new degradation factor  is 
introduced and associated to start-up losses: 
O: = 11 +  · (1 − O)1 −  · (1 − O) + (1 − ) (1 − O)O
                   (b. 4) 
In this case,  also goes from 0 to 1, but when equal to 0, it means that no start-up losses 
takes place. In this case, the above expression coincides with that contained in EN14825. 
Alternatively, if we take  = 1 (which it is actually our case), then it gets simplified to: 
O: = 1 −  · (1 − O)                                            (b. 5) 
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In addition, we will introduce and additional coefficient accounting for the mismatch between 
rated heat pump operation data stated in Table 1 and actual operation conditions. This might 
seem artificial at this stage, but preliminary observations and further detailed data recording 
fully justifies it. This new coefficient is defined as a constant value that reduces proportionally 
the capacity of the heat pump: 
	
 = (1 − ) · /	   
Where  goes from 0 to 1, being   = 0 the case when 	
 = /	. As a 
consequence, the final expression for O: will be: 
O: = (1 − ) · 1 −  · (1 − O)                                        (b. 6) 
So our strategy will be to obtain as many values of O and O: as possible from the data 
recorded by the monitoring system, in order to evaluate the partialization losses from start-up 
in our system under cyclic, real conditions and to determine the mismatch between the rated 
operating conditions and actual ones. Minimum squared method will be used in order to 
determine the value of  and . Nontheless, some limitations and approximations must be 
taken into account that will be explained in details in the following paragraphs. 
3.1.3.1. PRL evaluation 
When /	 and   are constant during a certain period ∆', it can be demonstrated [10] 
that for fix speed compressors, O is equivalent to: 
O = 'M5∆' = 'M5'M5 + 'M                                                 (b. 7) 
Where 'M5  is the total time that the compressors are ON within ∆'.  
In our case, it is not easy to find periods with a constant load, because as already mentioned, 
it is a real system and thermal load easily varies w.r.t. time during the day, in contrast to a 
laboratory setup, where a constant load and capacity can be kept for hours. However, we will 
consider valid the above expression at certain time periods in our system where the 
temperature profile of the storage vessel reveals an almost constant load. This is shown in 
Figure 23, where concatenated, almost identical, ON/OFF cycles are found within a 
reasonably large period (few hours). Furthermore, by looking at the positive gradient of hi 
we can see that the higher the value of &/&', the higher the load must be.  
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Figure 23. Minute-resolved temperatures profile of Storage vessel, inlet and outlet brine flows, recorded during 
24h, the 23rd of June of 2017. The dashed frames show the periods of almost constant thermal load
10.2 kW for low and high mean building load
In particular, in our system we must bear in mind 
the full capacity concept is not as clear as for a single compressor heat pump
reason we must “de-couple” the
compressor A, B or both

The first case is the simplest, because module A only does the same thing at each season: 
heating or cooling. Moreover, 
operation of module B depends on whether module A suffices to cover the load or
(among other conditions)
Finally, the production of DHW represents a residual load compared to heating or cooling, so 
it is hard to find well defined ON/OFF cycling periods for module B. 
-source heat pump installation in a medium-sized office building
, respectively). 
that it consists of two twin compressors, so 
 O in our system depending on 
: 
Of = '	f'	f + '	f   
Og = '	g'	g + '	g  
Of&g  = '	f + '	g'	f + '	f + '	g + '	g
module A is the “master” module, which means that the 
. Therefore, it holds that: 
Og   Of 
 
Low load High load 
 Page 49 
 
 (1.8 kW and 
. For this 
whether it is operating 
                         (b. 8) 
 not 
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Last case is the most complex. The definition we provide here for Of&g might look 
somehow arbitrary at first sight, but it is not. Firstly, we are considering the same total cycling 
period where compressors A and B operates, so in fact it holds that: 
'	f + '	f = '	g + '	g = ∆' 
So: 
Of&g  = '	f + '	g2 · ∆'  
Which relates to Of and Og in the following manner: 
Of&g = 12 (Of + Og)                                                (b. 9) 
3.1.3.2. PLF evaluation 
In this case, the existence of two twin compressors also complicates the evaluation of the O:, hence we are forced to consider several assumptions and approximations. Following 
the reasoning for the determination of Of&g, we first must de-couple the behaviour of 
compressors A and B. Therefore, we should consider separate O:(O) curves as if for 
two separate heat pumps: 
O:f = (1 − f) · 1 − f · (1 − Of) 
O:g = (1 − g) · 1 − g · (1 − Og) 
But in fact our aim is to treat our heat pump as a whole, and for this reason we must find an 
expression able to characterize the entire system in a reliable way. On one hand, we could 
assume that within the same period ∆', the effective O:f&g can be defined as a time-
weighted (and normalized) contribution of the above expressions: 
O:f&g = '	f'	f + '	g O:f +
'	g'	f + '	g O:g           (b. 10) 
Notice that if only one compressor is ON, then the value of the effective O:f&g coincides 
with that of the individual compressor and if '	f = '	g  then O:f&g is the arithmetic 
mean of O:f and O:g. Therefore, the most general expression that relates the overall O:f&g with Of and Og will be: 
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O:f&g = 1'	f + '	g · 
'	f · (1 − f) · )1 − f · (1 − Of)+ +'	g · (1 − g) · )1 − g · (1 − Og)+   (b. 11) 
For the sake of simplicity, let’s assume that compressors A and B are effectively “twins” in all 
senses, so f = g =  and f = g = . Then, by considering the definitions of Of 
and Og in terms of '	f,g M5 and ∆', it can be demonstrated that: 
O:f&g = (1 − ) · z1 −  · ~1 − 2 · Of&g + 2 · '	f · '	g∆' · ('	f + '	g )  (b. 12) 
That accounts for the influence of having both compressors with different part-load operation 
conditions at the same time. Again, notice that when one of the compressors is OFF within ∆', the above expression for O:f&g coincides with that of a single compressor.  
Thanks to the above reasoning, we were able to characterize the partialization losses of heat 
pump systems comprising two twin compressors through Eq. 12 (and Eq. 11 in a more 
general manner). This was incompatible with the original expression (Eqs. 4 and 5) 
developed in [9].  
Regarding the assessment of the O: of the installation over a cycling period using the data 
collected, it is mandatory to distinguish among the different possible scenarios (see Table 5 
and Table 6) that take place along the year. Our criteria is based on the assumption that 
when only one compressor is operative, we should compare the / (measured) with 
the >>>>>>>/>>>>>>>> attributed to a single compressor. In this case, the rated capacity would 
equal to half of the value found in Table 1, and the circulation power must comprise just one 
internal pump instead of two. Besides, Table 1 provides a discrete set of conditions 
(, 	), but in order to evaluate the >>>>>>>/>>>>>>>>, we must know the time evolution 
of  / along the cycling period. Since the variation of (, 	) is 
continuous, we must first construct interpolation curves that allow us to evaluate precisely the 
value of / at each minute (this is explained in detail in Annex A). Moreover  
and 	 are not parameters recorded by the monitoring system, so hi and 	
 can 
be used instead with the following correction factors (empirically found): 
		 	 = 	
 + 0.6º =  )	+ 	 
)	+		 	 = hi + 1.7º =   	 
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Warm season 
scenarios 
PLF 
Just compressor A 
(cooling) 
O:<f =
	* (	/2) &'* (/2 +  + )&'
 
Compressors A&B 
(both cooling) 
O:<f&g =
	* 	 &'* ( +  + 2 )&'
 
Just compressor B 
(DHW profiting 
rejected heat from 
building) 
O:<g =
	 + /10* (/2) &'* (/2 +  + )&'
 
Table 5. Different operation scenarios for the warm season (cooling and DHW production) 
Cold season 
scenarios 
PLF 
Just compressor A 
(heating) O:0f =
* (/2) &'* (/2 +  + )&'
 
Compressors A&B 
(both heating) O:0f&g  =
*  &'* ( +  + 2 )&'
 
Just compressor B 
(DHW) O:0g =
/10* (/2) &'* (/2 +  + )&'
 
Table 6. Different operation scenarios for the cold season (heating and DHW production). 
All the expressions stated in Table 5 and Table 6 consider an integration time of 1 minute 
(which will be our sampling rate from the monitoring system). Therefore, the O:(O) 
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values obtained for each minute will be averaged over the specific time period comprising 
one or more ON/OFF cycles. The resulting pairs O:  .  O will be related through Eq.12, 
and  and  will be obtained from minimum squared fit. 
Finally, it is fair to say that the procedure used to determine the values of the  / at 
each minute fails to determine the  when producing DHW. Under this configuration  is known (or can be approximated as in the case when producing 	 or ), but 	 is not known. We can check the value of the brine temperature at the DHW vessel, 
but unfortunately this is not a parameter recorded by the monitoring system. Therefore, we 
must approximate 	 to a constant value. The chosen value is the current set point, 
which is 38 ºC. 
3.2. Results  
After observing the operation of the GSHP physically at its location and also by inspecting 
the monitoring system and the data recorded in detail, we can identify specific further 
limitations and malfunctioning of the system, beyond those detected in the initial inspection. 
Moreover, we propose hypothesis about the possible sources of underestimation of the 9/9 of the GSHP. 
3.2.1. Partialization losses 
So far, we were able to extract many values of O:(O). Nevertheless, they are mostly 
from the cool season period of 2017 (May-September), because by the time the 
methodology was developed and the minute-resolved data collection was set-up, the warm 
season just passed. Table 7 shows the selected periods of time (between June and August) 
from where O<f&g and O:<f&g were obtained. There are several issues to comment: 
- There were very few suitable periods of time where compressor B was ON with the 
same periodicity as compressor A, so most of the information corresponds to 
compressor A.  
- We were able to provide a measure of 		 (averaged over the whole observation 
period) because we can assume that 		 = 4¡¢£¤∆·#¡¦¡£§¨ . This is actually the best 
measure of building load rates. If we had complete minute-resolved data through the 
year, we could evaluate the peak building load values for each month. 
- We also found two periods of few ours where compressor A was continuously 
running (we discarded at least the first and final 30 minutes of the ON period). 
Therefore, these points correspond to O<f&g = ;6 · O<f = 0.5. They served as the 
control points where no partialization losses should be taking place. During these 
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periods, the readout of hi  was almost constant, which was interpreted as the most 
outstanding proof of a constant building load (almost steady state operation) and 	(') = 		('). 
- The points where compressor A and B are operating there is a certain degree of  O:<f&g underestimation, because of the problem with the 3-way valve. This will be 
discussed in detail in §3.2.3. 
From the data obtained in Table 7, we performed a minimum squared fit of the O:<f&g data 
according to Eq. 12. The resulting values of the degradation parameters were: 
 = 0.23 
 = 0.10 
This results are interpreted as an inherent mismatch of 23% between the rated and the 
actual performance, and a maximum 10% losses due to part-load operation (when O → 0). 
Although we should extend this methodology to more periods along the year and to 
compressors A and B individually (for a higher accuracy based in a larger statistical 
sampling), the resulting values can be considered valid for the whole year.   
For a more general picture of the degradation in performance, we must provide an average 
value of the part-load operation of our system. For this, we will approximate the monthly 
mean O of the heat pump system as: 
O	 ª = ∑ ('	f M5 + '	g M5)¬;60^­® · 24ℎ · 31&°±                                (b. 13) 
Being ® the total number of ON/OFF cycles within one month. So far, we gathered data from 
June, July and August. Finally, we will use the obtained of ,  and O	 ª   to obtain a 
mean value for O:, according to Eq. 5: 
O:	 ª = (1 − ) · 1 −  · (1 − O	 ª ) 
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date ∆' (min) O<f&g O:<f&g (measured) '	f M5 '	g M5 # cycles  		 (kW) (averaged) O:<  (b. 12) Comments 
22/06/2017 75,3 0,064 0,672 9,7 0 3 3,2 0,697  
23/06/2017 59,0 0,183 0,718 21,6 0 5 10,2 0,716  
23/06/2017 155,0 0,033 0,645 10,3 0 3 1,8 0,692  
27/06/2017
 
130,0 0,456 0,690 98,0 20,5 2 25,6 0,739 
PLF underestimated because of 3-
valve issue (some DHW production) 
29/06/2017 138,0 0,324 0,731 89,5 0 2 17,8 0,739  
29/06/2017 105,5 0,083 0,693 17,5 0 4 4,5 0,700  
01/07/2017 155,3 0,053 0,689 16,3 0 3 2,8 0,695  
02/07/2017 157,0 0,398 0,743 125,0 0 2 22,0 0,751  
02/07/2017 104,2 0,080 0,706 16,6 0 5 4,5 0,700  
03/07/2017 98,3 0,100 0,721 19,7 0 3 5,5 0,703  
04/07/2017 98,8 0,085 0,704 16,8 0 5 4,7 0,700  
04/07/2017
 
296,0 0,459 0,719 263,5 8,5 2 25,1 0,756 
PLF underestimated because of 3-
valve issue (some DHW production) 
05/07/2017 93,8 0,085 0,706 16,0 0 6 4,7 0,701  
06/07/2017 94,8 0,078 0,696 14,8 0 5 4,4 0,699  
07/07/2017 96,9 0,077 0,681 14,9 0 7 4,2 0,699  
07/07/2017
 
120,0 0,504 0,723 120,0 0 1 27,5 0,768 
Continuous operation and constant 
load 
18/07/2017 87,7 0,119 0,693 20,8 0 6 6,3 0,706  
03/08/2017
 
210,0 0,502 0,720 210,0 0 1 27,1 0,768 
Continuous operation and constant 
load 
31/08/2017 111,5 0,368 0,726 82,0 0 2 20,4 0,746  
Table 7.  O:<f&g  and O<f&g values obtained from selected periods of time when the thermal load is almost constant, and the corresponding value of O:< obtained 
according to Eq. 12. 
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In Table 8 we show the results for these three months. The values found for  PLF³´JLµ ¶³K·J  represents a minimum of 29% in performance reduction of the heat pump w.r.t. 
the rated values stated in Table 1. Notice that the O	 ª  is below to 0.30 in any case, 
which reveals an oversized GSHP at least for the cooling season. As mentioned before, an 
oversized facility implies more start and stop cycles of the compressors. Although the 
storage vessel is devoted to reduce excessive cycling of the heat pump, it is found an 
effective reduction in performance due to this effect ( ≠ 0). 
Month X O	 ª  O:	 ª  Collection 
time % 
June 0.269 0.708 18.9 
July 0.293 0.710 77.8 
August 0.260 0.708 39.4 
Table 8. Mean relative performance values obtained for June, July and August. The collection time accounts for 
the portion of time during that month with available data. 
However, the most important result is the value found for . This implies that the best 
performance achievable by the system (O → 1) is at least 23% lower than the rated 
performance. This is not necessarily a malfunction of the heat pump, but it reveals a 
significant mismatch between rated and actual capacity, and it should be considered 
beyond the acceptable discrepancy between the datasheet of the product and the 
validation test done to each specific unit produced in the factory. 
3.2.2. Minute-resolved performance analysis 
In order to analyze more in detail the performance of the heat pump, we chose a time period 
of a day when the DHW energy-meter was operating properly again. Here we focus on the 
evolution of the instantaneous  and  during the operation of the heat pump. Figure 
24 shows the data corresponding to the time period going from 10 pm to 12 pm on the 22nd 
of August of 2017. The top plot shows the data collected by the monitoring system 
concerning the electrical and thermal energy, as well as the operation time of compressors A 
and B. It can be identified one period where compressor A is producing 	 and one period 
where compressor B produces /01 and 	 simultaneously. The middle plot represents 
the time evolution of the temperatures. Remember that in this case hi~ and 	
~	. Using these values, we could identify at each minute which was the 
expected 	/ and , and therefore the corresponding  ( in the case of DHW 
production). Its time evolution is shown in the bottom plot (black dots), along with the 
measured / (blue dots for the , green dots for the  sctrictly corresponding to 
DHW production, and purple dots for the “enhanced”  accounting for DHW and cold). 
From this we can identify the following information: 
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- The values for  decrease with time within each period as expected, because the 
temperature difference 	 −  grows with time, so the heat pump efficiency 
decreases (	 stays constant because it corresponds to 	
, but  
decreases because it corresponds to hi, which decreases as we produce more 
cold) 
- Values of EER also decrease with time, which is expected for the reasons as 
mentioned above. It is interesting to see the evolution of the measured EER/COP with 
respect to its corresponding  EER»/COP». The easiest period to interpret is the last 
(compressor A doing cold). The value of EER decreases at a slower rate than EER», 
which means that the heat pump performs worse at the beginning of the cooling 
period than at the end, thus confirming that the partialization losses corresponds to 
the start-up of the heat pump. However, the difference between COP and COP» in the 
first period (compressor B doing DHW) broadens as time passes. This indicates that 
the performance of the heat pump is worse at the end than at the beginning, in 
contrast with the previous case described. Looking at the temperature evolution of  in the middle plot, we identify an anomalous behaviour of the brine 
temperature at the inlet of the borehole field. As already mentioned in §3.1.1 (see 
also Figure 16), we should not see any heat injection towards the ground, since the 
heat rejected by the building is re-profited for DHW production. Therefore, it points 
out to the presence of heating fluid that leaks towards the ground. This is presumably 
caused by a malfunction in the 3-way valve that deviates the outlet of the condenser 
B towards the ground or the DHW vessel. A detailed discussion of the consequences 
of this problem is carried out in the following paragraph. 
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Figure 24. Data collection corresponding to the time period going from 21 to 24h, on the 22nd of August of 2017 
(top and middle plot). Time evolution of minute-resolved ,  (DHW and cold+DHW) and  (bottom 
plot). 
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3.2.3. Anomalous data recording of thermal energy  
So far, we have mentioned several anomalies of the system that might be distorting the 
actual thermal energy production, and so the actual values of 9 and 9.  In this 
paragraph, we pretend to undertake a quantitative evaluation of the problem.  
3.2.3.1.  Displaced thermal energy measurement 
In order to quantify the effects of /	 during the “wrong” season, we should have 
individual data on   and 	. Unfortunately, by the time when this work was started, 
the 9 and 9 were calculated using the total thermal energy in the numerator: 
9∗ = B	 ¼		 	 
9∗ = B	 ¼½ 	 
The monitoring system offered the possibility to record this parameter, which is the result of 
adding the contribution of  + 	 + /01, but then  and 	 were not recorded 
separately, just 	  and /01. Therefore, within the values of 9∗ = 3.24 and 9∗ = 3.22 presented at the beginning of this document, it is hidden the “ghost” thermal 
energy measured in each season, and this implies that the 9∗ and 9∗ were 
overestimated due to this fact.  
At present, the available data allow us to estimate quantitatively the correction that we should 
consider to overcome this anomaly in thermal energy recording. During the last cool season 
(from October of 2016 to May of 2017), we recorded a total heat of  = 83441 kWh, and 
during the same period, the total cold was 	 = 265 kWh. So far in the ongoing warm 
season, the values are 	 = 11986 kWh and  = 860 kWh. For the complete past cool 
season, the “ghost” thermal energy accounts for just a 0.3 %. As a consequence, the 
corrected  considering just  of the cool season would be reduced also in a 0.3 %.  
3.2.3.2. Deviations in Uopq due to leakage of heating fluid 
According to the user’s manual of the “suspicious” 3-way valve (model VST 20 from NIBE), 
the lack of voltage at the actuator terminal must keep it fully directed towards the heating 
load of the building, and when the actuator receives a 230 V A.C. voltage signal, the valve 
should shift the heating fluid towards the DHW vessel. After having inspected our data (so far 
we were not able to inspect physically such valve), we will assume that the valve is leaking 
Page 60  Project memorandum 
 
fluid to the wrong direction at whichever of its two positions. For this reason, we observe the 
following: 
- During the warm season, when cold production is taking place, part of the brine that 
comes from the ground to the condenser B ends into the DHW vessel heat 
exchanger. As a result, part of the heat stored in the DHW vessel is injected to the 
ground, and this heat is interpreted as cold by the corresponding thermal energy-
meter. This fact combined with the wrong position of the temperature sensors ;/01 
and 6/01 has driven to an incorrect measure of /01 during the warm season until 
the 28th of July of 20179 (see Figure 14). However, the /01 measured as cold  
before we fix the position of the temperature sensors corresponds to rejected heat 
from the DHW vessel that sooner or later was effectively “replenished” by the heat 
pump. Therefore, the previously measured Uopq represents an 
underestimation of the actual thermal load corresponding to DHW production 
during the warm season. From the performance side, the 9 is reduced for two 
reasons. First, there is a portion of thermal energy that is not being taken into 
account. Secondly, the performance of the heat pump worsens if there is a mixture of 
the brine coming from the ground and the DHW vessel, because then the effective 
value of 	 will increase. From the thermal load side (in absolute terms), the 
malfunctioning of the 3-way valve causes the waste of heat. In order to quantify this 
degradation, we need to access to the internal memory of the energy meter and 
compare the registers corresponding to cold and heat, but at the time of finishing this 
work, it has not been possible yet. 
- During the cool season, the situation is different, because there is no possible 
mechanism to measure cold by the DHW energy-meter (and actually, this explains 
why we have no data of /01 during the cool season so far). The reason is that 
under heating mode the heat pump drives a hotter heating fluid from the condenser 
to the storage vessel (hi	 = 42º when heating) than to the DHW vessel 
(/01	 = 38º when producing DHW). So if there is any leakage of heating fluid 
during heating, it will actually contributes to produce DHW (that sooner or later will be 
required) at the cost of a longer time required to reach the set point in the storage 
vessel. When producing DHW, part of the heating fluid will be driven to the storage 
                                               
 
 
9
 Now the measure is correct, although we still have the problem of the leaking heating fluid. 
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vessel. It can contribute to heat or cool the storage vessel, depending on the value of hi at that moment, but generally it will help to keep it warm. In this particular case, 
part of the energy devoted to produce DHW will be measured as heat by the energy-
meter of the storage vessel. Anyway, the cost to reaching the set point in the DHW 
vessel will be a longer time. The way the 3-way valve affects to the overall 9 is 
not clear during this season, because the leaking heating fluid will end to a “useful” 
place. Apparently, no heat wasted as in the case of cooling mode. Conversely, here 
the problem lays on the lack of /01 recording. Again, in order to quantify this effect, 
we must access to the data still “hidden” at the DHW energy-meter, but we can 
assert that the 9 is being underestimated.  
In conclusion, there is still an open question about which is the actual DHW thermal load that 
we should employ in order to correct the values of 9∗ and 9∗. But at this point, with 
no more data on the table and having in mind the above discussion, we can assume that 
the amount of Uopq recorded during the warm season of 2016 is a valid lower limit of 
the actual thermal DHW load of that season. Moreover, this can be used to infer a 
proportional value for the cool season of 2015-2016: 
B/01|½ 	 = 1923 ¿Àℎ 
B/01|		 	 = B/01|½ 	 · ∆'		 	∆'½ 	 = 1923 ¿Àℎ · 239 &°± 126 &°±  = 3647 ¿Àℎ 
Finally, the 9∗ value must be recalculated taking into account B/01|		 	. The new 9∗ will be: 
9Á =  + B/01|½ 	 + B/01|		 	  = 3.37 
The correction represents an increase in the performance of a 4%. 
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4. Modelling and optimization strategies 
After carrying out an exhaustive analysis of the GSHP facility through the available (and 
reliable) data recorded by the monitoring system, we obtained corrected values about its 
performance during the cool and warm seasons of 2015-2016: 
9∗ = 3.22 
9Á = 3.37 
Our next objective is to construct an accurate enough model of our GSHP facility under 
Ground Loop Design (GLD) software environment (2016 version), in order to reproduce 
these results as close as possible. This way, we will validate be able to validate the model 
and the results at the same time. Furthermore, this will help us to identify the limits of our 
facility and to propose new ways for optimization through a sensitivity analysis taking into 
account feasible degrees of freedom. 
4.1. Seasonal performance modelling through GLD 2016 
GLD software is actually a tool usually employed with three main purposes: 
- Accurate borehole field sizing. 
- Prediction of the seasonal performance (9 and 9) according to the expected 
thermal loads of the building. 
- Prediction of the ground temperature evolution throughout the system lifetime. 
Nevertheless, our case starts from a different point, since our main objective is to reproduce 
the performance of an existing facility, and then make a sensitivity analysis in order to identify 
its limitations and its potential for optimization. Therefore, we are somehow exploiting new 
capabilities of this software. 
Three blocks of data have been identified in order to correctly “feed” the software and to 
carry out our modelling process: 
- Ground and borehole field characteristics 
- Heat pump characteristics 
- Thermal loads definition 
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4.1.1. System model with GLD software 
The details of the model implementation into GLD can be found in Annex A. For the sake of 
clearness we will limit the following paragraphs to the important concepts underlying the 
modelling and simulation, as well as the results of it. 
4.1.1.1. Ground and borehole field characteristics 
The characteristics of the ground are those already exposed in §2.1.1, which were obtained 
from a specific TRT at the facility location. Here is where we input the data corresponding to 
the geometry of the tube, materials and flow conditions, and also the location pattern of the 
boreholes. 
Especial attention must be paid to the value of the Design Flow Rate, which is expressed in 
l/min/3.5 kW units, and represents a type of intensive variable, which accounts for the 
necessary flow in order to exchange a reference heat rate, with a specific temperature 
difference. In our case, this value is evaluated as 10.04 l/min/ 3.5 kW. This means that if we 
need to transfer, i.e. 10 kW from the ground to the refrigerant fluid through the evaporator 
heat exchanger causing a temperature jump of 2 ºC in the brine (let’s say water), we will 
need a net flow according to: 
d = `e∆ = 3500À4180Â/¿ÃÄ · 1000¿Ã/^Å · 2Ä · 1000Æ1^Å · 60 1^­® = 25.1Æ/^­® 
4.1.1.2. Thermal loads definition 
Concerning the monthly load, the available real data corresponding to the cool and warm 
seasons of 2015-2016 is shown in Table 9. The total energy per month is actual data 
(in kWh), while the thermal peak load values (in kW) are estimated upper values based 
on the Energy Use Method developed by the Canadian Minister of Natural Resources 
[11], and supported by empirical observations from our 30-min resolved data. Although 
there is a remarkable work behind these numbers, the description of the method is beyond 
the scope of this study. We will just mention a few important aspects and the input data for 
the calculations: 
- Climate data for temperature bin calculation: “D3” (Spain reference climate data [12]) 
- Design heating load rate: 55 kW 
- Total heating load: 90000 kWh 
- Design cool warm temperature: -1 ºC 
- Design cooling load rate: 40 kW 
- Total cooling load: 34000 kWh 
- Design warm season temperature: 33 ºC 
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In Table 9 it is shown the actual net monthly heat gains and heat losses, along with the 
estimated building peak loads (from the Energy Use Method). The measured peak load data 
is shown in the right column of each season block. These values are extremely useful in 
order to validate the process for calculating the peak thermal loads. However we can see 
that the discrepancy between the calculated and experimental monthly peak load rate is 
remarkable in some cases. Then it is worth to comment briefly how they are obtained. Figure 
25 illustrates the monthly data collection with a 30-min sampling period (for June, in 
particular). The energy data of the top plot represents the total energy measured every 30 
minutes. Therefore, from this we only can obtain an averaged value for the cooling capacity 	. But 	, although being an average value over 30 minutes, cannot be considered 
equivalent to the mean 		 at that precise period, because it is hard to believe that the 
natural building load behaves with such sudden increases or drops as seen for 	  ('). It is 
more reasonable to attribute a smoother variation in 		 (') than in 	  ('). 
 
Cooling Heating + DHW 
Month 
Total heat 
gains 
measured 
(kWh) 
Peak 
cooling 
load rate 
calculated 
(kW) 
Peak 
cooling 
load rate 
measured 
(kW) 
Total heat 
losses 
measured 
(kWh) 
Peak 
heating 
load rate 
calculated 
(kW) 
Peak 
heating 
load rate 
measured 
(kW) 
January 
   
17640 55.0 - 
February 
   
10990 46.0  34.0 
March 
   
10326 37.1  38.3 
April 
   
8162 28.1  28.5 
May 
   
4696 10.1  33.2 
June 6698 20.7  42.6  
 
 
 
July 9728 33.6  33.8 
 
 
 
August 10426 33.6  30.0 
 
 
 
September 7031 20.7 22.2 
 
 
 
October 
   
11522 18.9 - 
November 
   
12151 36.9 - 
December 
   
13415 46.0 - 
total 33883   88902   
Table 9. Monthly thermal loads of the building  from 1st of October of 2015 to the 1st of October of 2016. The peak 
load is an estimation according to the Energy Use Method developed in [11] and adapted to our system 
characteristics and local climate. Empirical data about peak load is available and presented for some months. 
Therefore, our proposal is to average the recorded energy over a longer period. We estimate 
that 2.5h (5 times 30 min) is an averaging period long enough to consider valid the 
equivalence between the instantaneous cooling load rate and the cooling capacity, since the 
probability of including several ON/OFF cycles of the heat pump is higher. So it is proposed 
that: 
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		(') ≅ 15  	@'ÇA
Ç¬È6
Ç¬6           ­ = 1, 2, … 1440 
Where the index ­ and Ê represents the 30-min sampling number within a month (48 samples 
a day, 30 days a month). The above expression is not necessarily true for all ­, but it is 
certainly a good  approximation when we pretend to find the monthly peak load rate: 
	Ë 	 ≅ ^°\ Ì15  	@'ÇA
Ç¬È6
Ç¬6 Í           ­ = 1, 2, … 1440 
Finally, notice that we did not include the DHW load in summer, because GLD cannot 
reproduce the behaviour of the heat pump when the heat rejected by the building is profited 
by the DHW vessel. The B/01|½ 	 is “free” energy that should be removed from the 
modelling. Besides, it should be also be considered a new correction to the 9′, because 
we pretend to compare the same thing in the end. So with the new correction, we obtain that: 
9Á = 3.37 → 9ÁÁ = 3.31 
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Figure 25. Data collection for June. The top plot corresponds to the averaged energy values (thermal and 
electrical) over a sampling period of 30 min. The bottom plot is the corresponding time derivative or averaged 
power over the same sampling period. The black continuous curve represents a
150 min (2.5h). The blank regions correspond to days where the data
 
 Project memorandum
 further averaging of 
-logger routine failed  
 
 
 
		 over 
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4.1.1.3. Heat pump data edition 
After defining the thermal loads, we must select the desired heat pump from the GLD 
database. However, since the model installed in our GSHP system is not within GLD 
database, we must add a new entry. The process consists of selecting various representative 
temperature conditions (; 	) from Table 1, and input their corresponding /	 and   values in the heat pump add/edition module. The software will construct 
automatically interpolation curves that will allow the software to calculate  /	 and   at 
any condition defined by the pair (; 	). Additionally it is possible to generate 
interpolated data accounting for the variation in /	 and   w.r.t. the brine or heating 
fluid flow. 
Here is one of the main important aspects of the modeling. We have demonstrated that the 
rated performance values contained in Table 1 are far from realistic, hence we characterized 
which was the actual performance of our heat pump through the parameters O and O:. 
We concluded that the actual heat pump presents a reduced performance, which depends 
on the part-load conditions. Thanks to our previous efforts, we will be able to input 
specific performance data containing implicit information about the degradation 
suffered because of partial load operation, as well as any other degradation source. 
To do so, we just need to recall Eq. 6 and the obtained values for  and : 
O: = (1 − 0.23) · 1 − 0.10 · (1 − O) 
Looking at Table 8, we can assume a round value of  O< = 0.3 for the warm season, so O:< = 0.71. This means that the actual cooling capacity will be 29% lower10 than the rated 
one at any condition defined by (; 	): 
		Á = O:< · 		 
                                               
 
 
10
 We apply the reduction to the capacity. One would argue that is the power consumption of the 
compressors which must be penalized instead (by increasing it a 29%). Nevertheless, we have 
checked that the actual power consumption and the rated one are virtually identical, and it is the 
capacity the one being degraded/reduced. 
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In the case of the cool season, we still do not have precise data about the average O0, but 
the idea is that once it will be estimated, we can evaluate O:0, and calculate the actual 
heating capacity:  
′ = O:< ·  
The new set of 		Á  and ′ values will be input at the heat pump add/edition module as 
part of an alternative heat pump model. In fact, we can add as many alternative heat pumps 
as wanted, 
This is how we end the modeling of our actual GSHP system in GLD. We are then ready to 
simulate. 
4.1.1.4. Limitations of GLD software 
Finally, it is mandatory to list the limitations of this software concerning our specific 
objectives: 
- We can only define our heat pump as a single compressor module of nominal 
capacity 60kW, instead of two twin module of 30kW each, as it is in reality. So GLD 
cannot distinguish between 1 or 2 compressors in the same way that our system 
does. On another hand, GLD does not consider degradation losses due to cyclic 
operation of the compressors. We must somehow include this degradation implicitly 
in the heat pump definition. 
- When defining the characteristics and performance of the heat pump, there is no 
available performance data for different flow rates at the source, neither at the load. 
However, this correction (flow factor) is expected to affect less than 10% to the 
accuracy in the values of capacity and power, since we see that for other pump 
models already within the database of GLD (with more extended data available), the 
flow factor is always between 0.9 and 1.1, either for capacity or power, after 
increasing the value of the flow rate by almost 100%. 
- It is not possible to implement the operating scenario where the building heat 
rejection is re-profited to produce DHW under cooling mode. This fact  would cause a 
resulting lower 9 value in GLD w.r.t. measured 9′ (with corrections), even 
with the most accurate approximations. 
- It is not possible to distinguish between two levels of circulation power consumption 
(according to our real system conditions, which established different circulation power 
depending on whether it is one or two compressors ON). In the end, this represents a 
source of inaccuracy in our model. Anyway, we assume that the circulation power 
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consumption is synchronized with the operation of the heat pump, more or less as in 
the real system. 
- The resulting 9 and 9 provided by GLD will be equivalent to our definition 
under the same nomenclature, since we do not specify any stand-by power 
consumption, only capacity, compressor and pump power. In this sense, the 
comparison between the model and 9′ and 9∗ will follow exactly the same 
performance metrics. 
4.1.2. Performance simulation of the GSHP 
The results of the simulations are visualized in the Results panel of the Borehole Design 
Project module, and also in the linked Average Block Loads
 
module (see Figure 26). The 
information provided is: 
1. Cooling and heating unit inlet and outlet temperatures (according to our 
nomenclature scheme, 	
 and , respectively). These values 
correspond to the steady maximum and minimum values of the mean  and 	
  along the year (values taken at the end of the lifecycle period). 
2. This is the calculated temperature change of the ground after the lifecycle.  
3. Here is presented a set of values concerning the performance of the heat pump: 
a. Total Unit Capacity (kW), is the cooling and heating capacity of the heat pump 
at average conditions. 
b. Peak Load (kW), is the highest heating and cooling peak loads defined in the 
Average Block Design modules. 
c. Peak demand (kW) is the mean electrical power consumption at peak load, and 
is obtained by multiplying the peak load times the Partial Load Factor ( let’s 
name it ÏÆÐ, which might not be confused with our previously defined part-load 
factor O:), and added to the circulation pump consumption: 
 Ñ°¿ &Ñ^°®& (¿À) = ÏÆÐ · (ÒÒÆ­®Ã/|Ñ°'­®Ã Ñ°¿ ÆÒ°&) +  
d. The Heat pump COP accounts for a mean 45677 and 45677 , and it is 
obtained from the Capacity (Total Unit Capacity) divided by the Power value at 
the Average Block Loads 
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e. System COP is equivalent to the 9  and 9 (under heating and cooling 
modes). These are the most important results we need to validate our model. 
4. The System Flow Rate (l/min) is the net brine flow obtained for the whole set of Ó 
boreholes considering the Design Flow Rate (see §4.1.1.1) and the Peak Load Rate 
in the following manner: 
9± 'Ñ^ :ÆÒÔ °'Ñ (Æ/^­®) = ÕÑ ­Ã® :ÆÒÔ °'Ñ (Æ/^­®) · Ñ°¿ OÒ°& °'Ñ3.5¿À · Ó 
5. Partial Load Factor (ÏÆÐ) is the ratio between the Peak Load Rate and the Total Unit 
Capacity: 
ÏÆÐ = Ñ°¿ OÒ°& °'ÑÒ'°Æ Ö®­' °Ï°`­'± 
That must be calculated for warm and cool seasons. It differs from our well-known O:, but is conceptually similar to the O, in the sense that it gives an idea of how 
well sized (or not) is our GSHP facility with respect to the building thermal load. 
 
Figure 26. Snapshot of the Results panel in the Borehole Design Project module (left), and the Average Block 
Loads module (right). 
4.1.2.1. Validation of the model 
The simulation results shown in Figure 26 correspond to the hypothetic performance of the 
GSHP facility as if the rated conditions of Table 1 were valid, with 9 = 3.8  and     9 = 4.1. These values are still far from the theoretical 9 and 9	, but they are 
still significantly higher than those obtained experimentally. Notice also that the net System 
1 
2 
3 
4 4 
3 
5 
1 
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Flow Rate coincides remarkably well with our flow values (94 l/min and 167 l/min for the load 
and borehole side, respectively), which reveals a proper choice of the Peak Loads presented 
in Table 9. 
With the aim to reproduce the observed behaviour of the actual GSHP, we must base on the 
characterization work done so far. As already described in §4.1.1.3, we defined several 
artificial heat pumps, by modifying the rated heating and cooling capacities selected in Table 
2 in Annex A. The modification consists basically on multiplying each capacity value times an 
hypothetical O:. The list of heat pump data added to the GLD database is in Table 10. 
O:<(O<) O:0(O0)   reduction in / Name Comment 
1 (NA) 1 (NA) 0 0 0 % F1330-60 Rated 
0.95 (NA) 0.95 (NA) 0 0.05 5 % F1330-60_-05%  
0.90 (NA) 0.90 (NA) 0 0.10 10 % F1330-60_-10%  
0.85 (NA) 0.85 (NA) 0 0.15 15 % F1330-60_-15%  
0.80 (NA) 0.80 (NA) 0 0.20 20 % F1330-60_-20%  
0.77 (NA) 0.77 (NA) 0 0.23      23 % F1330-60_-23%  
0.75 (NA) 0.75 (NA) 0 0.25 25 % F1330-60_-25%  
0.71 (0.3) 0.77 (NA) 0.10 0.23 29 % / 23% F1330-60_-24h-29c% From experim. data 
0.71 (0.3) 0.71 (0.3) 0.10 0.23 29 % / 29 % F1330-60_-29% Worst case scenario 
1 (NA) 1 (NA) 0 0 0% F1330-60_x2 Double building case 
Table 10. List of heat pumps added to the GLD database 
 
The last row of Table 10 represents the actual heat pump. The values of PLFN and PLRN are 
supported by our characterization work, but we do not have any statistics data about O0. 
So assuming that  and  are valid along the whole year, O:0 would fall between 0.69 
(when O0 → 0) and 0.77 (when O0 = 1). We choose O:0= 0.77 because the heating 
thermal load is almost three times higher than the cooling load, so we can reasonably expect 
that O0 will be closer to 1 than closer to 0. Remember that in order to have fully consistent 
data, we must accumulate more statistical data along the year, and we should also admit 
different  and  for each compressor within the heat pump.  
In Table 11 we present the first set of simulation results. As expected, 9 and 9 
decrease as we increase the percentage of degradation w.r.t. rated conditions (see Figure 
27). Notice that the value of 9ÁÁ = 3.31 is provided instead of 9′ or 9∗. The 
reason for that is already explained in §4.1.1.2 (to compare the same quantities). From these 
table of results, we see that there is a discrepancy < 5% between simulated PUUV and PUUV∗, which can be considered as highly satisfactory. In the case of  PQRSÁÁ and the 
simulated PQRS, the discrepancy is < 8%. Notice that if we attributed the same O to the 
cool and warm seasons (equivalent heat pump would be “F1330-60_-29%”), the discrepancy 
between 9ÁÁ and the simulated 9, would be still  <13%, which is still a reasonable 
level. Therefore, from the obtained results, we can consider our model valid within a 
10% error margin, concerning the evaluation of seasonal performance. 
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Inlet T (ºC) 
(	
 ) Outlet T (ºC) () 
Ground T 
change 
(ºC) 
Total Unit 
Capacity (kW) Power (kW) ÏÆÐ<  ÏÆÐ0 9 9 
Measured 22.0 7.9 29.9 6.4 
       
3.2 3.3 
Acc. to EN14825 
           
4.8 4.2 
F1330-60 19.4 6.5 25.4 2.7 -0.7 75.6 70.8 14.6 16.2 0.44 0.78 4.1 3.9 
F1330-60_-5% 19.5 6.7 25.5 2.9 -0.6 71.8 67.6 14.6 16.3 0.47 0.81 4.0 3.7 
F1330-60_-10% 19.6 6.9 25.7 3.1 -0.6 68.0 64.3 14.6 16.3 0.49 0.85 3.8 3.5 
F1330-60_-15% 19.7 7.1 25.9 3.4 -0.5 64.2 61.1 14.6 16.4 0.52 0.90 3.6 3.4 
F1330-60_-20% 19.9 7.3 26.1 3.7 -0.5 60.3 57.9 14.6 16.4 0.56 0.95 3.4 3.2 
F1330-60_-23% 20.0 7.5 26.2 3.9 -0.5 58.0 55.9 14.6 16.4 0.58 0.98 3.3 3.1 
F1330-60_-25% 20.0 7.6 26.3 4.1 -0.5 56.8 55.0 14.7 16.6 0.59 >1.00 3.3 3.0 
F1330-60_-23h-29c% 20.1 7.5 26.5 4.0 -0.5 53.9 56.0 14.6 16.4 0.62 0.98 3.1 3.1 
F1330-60_-29% 20.2 7.8 26.5 4.3 -0.4 56.5 55.0 15.3 17.4 0.59 >1.00 3.1 2.9 
Table 11. Results of the simulation choosing different heat pump models with progressive degraded performance. Real 9′′ and 9∗ are also shown for comparison, 
as well as 9 and 9	. The last row corresponds to the hypothetical actual heat pump, and for this reason, it is highlighted in grey color along with the first one. 
 
Inlet T (ºC) 
(	
 ) Outlet T (ºC) () 
Ground T 
change 
(ºC) 
Total Unit 
Capacity (kW) Power (kW) ÏÆÐ<  ÏÆÐ0 9 9 
F1330-60_-23h-29c% 20.1 7.5 26.5 4.0 -0.5 53.9 55.9 14.6 16.4 0.62 0.98 3.1 3.1 
90% of Peak loads 19.4 8.1 25.8 4.5 -0.5 54.0 56.8 14.5 16.6 0.56 0.87 3.1 3.1 
80% of Peak loads 18.7 8.7 25.1 5.1 -0.5 54.2 57.8 14.5 16.7 0.50 0.76 3.0 3.1 
70% of Peak loads 18.0 9.3 24.4 5.7 -0.5 54.5 58.7 14.5 16.9 0.43 0.66 3.0 3.0 
Table 12. Sensitivity analysis of the simulation results vs. a variation in Peak loads, using the same heat pump data ( F1330-60_-23h-29c%).  
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If we look at the measured and simulated brine
empirical and simulated data is much higher, ranging from 5
it to the fact that the available temperature data correspond to weekly average values (
28).  
Figure 27. 9 and 9 vs. heat pump performance degradation (in %).
Figure 28. Weekly averaged values of brine temperature during the warm and cool seasons of 2015
minimum and maximum data correspond to absolute values during each week sample.
-source heat pump installation in a medium-sized office building
 temperatures, the discrepancy between 
 % to almost 95
 
 Page 73 
 %. We attribute 
Figure 
 
 
-2016. The 
 
Page 74  Project memorandum 
 
Notice that the maximum values registered during the warm season for  are 
especially high (even > 40ºC), which links to the discussion about the malfunction in an 
specific 3-way valve of the GHSP facility (§3.2.3.2). Therefore, better statistics are required in 
order to validate our model also concerning the brine temperature evolution. In particular, 
there is an important source of error attributed to the temperature readout of the sensors 
corresponding to  and 	
, because when the circulation pumps are OFF, the 
values of the sensors is also collected and averaged along with the values when the pumps 
are ON. For this reason, we need average values of  and 	
 when the pumps 
are operating, and this is only feasible working with minute-resolved data. Additionally, it is 
necessary to solve the malfunctioning of the 3-way valve, which distorts the true mean value 
of  under cooling mode. 
In Table 12 we show the results of considering different values of Peak load. It is good to see 
that this parameter does not really affect the values obtained for 9 and 9, but it does 
not mean that the performance of the GHSP as a whole is equivalent. The main influence of 
reducing the Peak loads is in the Inlet/Outlet Temperatures, because lower Peak loads imply 
lower mean capacity requirements, so the brine temperature reaches less extreme values 
(lower maximum temperatures and higher minimum ones). As a result, the maximum 
capacity achievable is higher, and therefore ÏÆÐ is reduced. 
The expected change in ground temperature after the lifecycle considered (20 years) is 
- 0.6 ºC, which means that the ground will cold down. In Figure 29, the simulated time-
evolution of the mean 	
 is shown for our real GHSP system.  
 
Figure 29. Mean 	
 (“Inlet temperature” or “EWT”) evolution throughout the 20 years of the lifecycle. This 
corresponds to our real GSHP system (F1330-60_-23h-29c%). 
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4.1.3. Optimization strategies 
According to our results, the losses or degradation attributable to the operation of the heat 
pump or any other element of the facility would be a secondary correction to the main cause 
of discrepancy between the expected/rated performance and the actual one. In other 
words, we have a non-compliant heat pump installed in the facility. So the strategy here 
would to be place an inquiry to the supplier. 
Among the several degrees of freedom that GLD offers us to “play” with our model, we can 
study the effect of introducing variations on: 
- Borehole characteristics (materials, dimensions) 
- Soil characteristics (in case we want to evaluate the performance of the same 
equipment in other locations 
- Heating fluid characteristics 
- Extra power consumption 
And if we are open to widen our possibilities, GLD also allows us to: 
- Test other borehole field configuration (ground water or surface water, horizontal 
array borehole field) 
- Use supplementary heating or cooling systems (air conditionings, gas/electric/gasoil 
boilers, etc.) 
 
Figure 30. Best possible configuration in terms of lowering the borehole thermal resistance as much as possible. 
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So far, we tried to optimize the materials and configuration of the boreholes in order to 
reduce their thermal resistance. Figure 30 shows the U-Tube panel where the modifications 
are shown. All these changes allow to move from  = 0.151 ^Ä/À to  = 0.07 ^Ä/À. 
However, the change in 9 was null and 9 only increased by 0.1, keeping the rest of 
the conditions unchanged (using heat pump F1330-60). Also changing the liquid flow (from 
water to water+propylene glycol) did not offer any significant change in performance.  
From a qualitative point of view, there important changes that could take place in the facility, 
which would help reducing the overall consumption, and also would surely contribute to 
increase the seasonal performance: 
- Now during the warm season the storage vessel losses its stratification because the 
cold water coming from the heat pump (outlet of the evaporator HX) enters at the top 
of it, and the water entering the evaporator comes from the bottom of the storage 
vessel. This is like this because it is the same configuration of the cool season. As 
mentioned in §2.2.1, a 4-way valve at connecting the inlet and outlet of the storage 
vessel with the inlet and outlet ducts coming from the HPAC unit would solve this 
problem. 
- Increasing the storage vessel volumetric capacity and expanding the deadband at the 
heat pump would contribute to reduce the cycling operation of the heat pump. Now 
we have a capacity of 750l, and the deadband is 13 ºC for the cool season and 5 ºC 
for the warm season. In the case of the cool season, the hi	= 42 ºC, so there 
would be no problem in expanding the deadband a 50% or more. In the case of the 
warm season,  hi	= 9 ºC and this means that we cannot approach too much to 
0 ºC. Having a deadband of 5 ºC implies that the minimum temperature admissible by 
the heat pump control is hi = 6.5 ºC. However, this sensor is at the bottom of the 
storage vessel, and if hi = 6.5 ºC, probably hi; ~1.5 ºC (sensor temperature at the 
top, which corresponds to the outlet of the evaporator). Alternatively, we could 
change the current brine with other with anti-freeze content. 
- Currently, the distribution circuit is connected physically with the production circuit, 
and this is connected to the heat pump. Therefore, this means that the circulation 
pump connecting the storage vessel with the heat pump gets affected by the 
circulation pump moving the liquid from the storage vessel to the rest of the building, 
and vice versa. This is a source of problems (although we did not address this issue 
in this work), because it requires extra maintenance work, and any leak at the 
distribution system will affect the production system. It would be more appropriate to 
separate both circuits by means of an intermediate heat exchanger. It supposes a 
higher cost and more components, but the maintenance should be lower also. 
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4.1.4. Limits of the current GHSP facility 
One of the main objectives of the present work is to evaluate how well sized is the facility and 
its capability to cover further loads. This has been studied through the use of GLD software. 
The case of the study has been to consider the construction of an identical building adjacent 
to the existing one. As a first guess, we must consider that the load profile will be also 
identical, as well as the peak loads. Therefore, a simplified way to implement this idea into 
GLD is to double all the quantities in the Average Block Loads module. Additionally, we 
added a new heat pump to the database, which has been build-up by also doubling all the 
values of cooling/heating capacity and power consumption in F1330-60 (F1330-60_x2 from 
the list of Table 10). This is to say that we are employing identical heat pumps at the old and 
new buildings and they correspond to the rated performance of Table 1. Finally, we also 
considered that we must double the circulation power consumption, as an upper limit. 
The need of an additional heat pump is out of question, because our previous simulations 
show how even in the best case (where the heat pump performance is the rated one), ÏÆÐ0 > 0.75, and if we opt for heat pumps with degraded performance, then ÏÆÐ0 approaches 
to 1. Looking just at ÏÆÐ< one could think that we have margin to double the loads with the 
same heat pump, but even if ÏÆÐ< ≲ 0.5, when we double the loads, the brine temperature 
will get also affected, and therefore the total unit capacity might get also reduced. In other 
words ÏÆÐ< = 0.5 does not guarantee that we can cover twice the current thermal load. 
The question then is to explore the capabilities of the current borehole field under this 
“Double Building scenario”. So if we just modify the loads, the heat pump and the extra 
power consumption, what we obtain is that the current borehole field would not be able to 
absorb and release the necessary heat to cover the “Double Building” load. The results of 
three different simulation scenarios are shown in Table 13: 
- Scenario 1: We keep the current borehole field unaltered. Brine is changed to water + 
propylene glycol. 
- Scenario 2: We add a new borehole of the same characteristic as the previous 10. 
- Scenario 3: We double the borehole field. 
Under scenario 1, the system fails to cover the loads because the brine temperature reaches 
such low values that the Total Unit Capacity (heating) gets too reduced to cope with the 
existing Peak Loads (ÏÆÐ0 >1). Besides,  ÏÆÐ< < 0.5. Notice that in any case, we must change 
the brine composition to water+propylene glycol, since the brine temperature reaches 
negative values. In addition, the ground temperature change surpass -1 ºC. 
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Inlet T (ºC) 
(	
 ) Outlet T (ºC) () 
Ground T 
change 
(ºC) 
Total Unit 
Capacity (kW) Power (kW) ÏÆÐ<  ÏÆÐ0 9 9 
F1330-60 19.4 6.5 25.4 2.7 -0.7 75.6 70.8 14.6 16.2 0.44 0.78 4.1 3.9 
F1330-60_x2 (scn. 1) 27.2 -2.6 33.4 -6.4 -1.2 144.0 110.0 29.9 29.5 0.47 >1.00 3.9 3.3 
F1330-60_x2 (scn. 2) 26.2 -0.6 32.4 -4.4 -0.6 143.8 115.6 29.4 29.9 0.47 0.95 3.9 3.5 
F1330-60_x2 (scn. 3) 19.2 6.4 25.2 2.5 -0.8 151.5 141.2 28.4 32.32 0.44 0.78 4.2 3.9 
Table 13. Simulation results for the “Double Building Scenario”, compared with the original one with heat pump F1330-60. 
 
Figure 31. Snapshot of the simulation results corresponding to scenario 2 in Table 13. 
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Under scenario 2, just one more borehole suffices to reduce the value of ÏÆÐ0 below 1, which 
means that the double heat pump would be able to cover all the loads. However, the 
minimum values that the brine would reach supposes many technical problems to the facility 
implementation and maintenance. Although the brine would not freeze with the appropriate 
mixture of water+antifreeze, the external parts of the ducts will need to be protected against 
frost, for example. 
Finally, under scenario 3 we consider also twice as many boreholes as in the original field. 
The results are somehow expected. Brine temperature reaches similar values as in the 
current situation with just one heat pump and 10 boreholes, but obviously, it does not 
represent an interesting result from the simulation perspective. 
 
 
 
Page 80  Project memorandum 
 
5. Cost of the project 
The cost of the present study is detailed in Table 14. It comprises essentially labour-work, 
software license costs and overhead costs, which account for the use of ICGC 
infrastructures. Notice that we do not apply the whole cost of the GLD license to this project, 
but a part corresponding to its amortization cost (full amortization is estimated in 4 years). 
 
Concept amount p.u. cost 
Scholarship holder  620 h 8 €/h 4960.00 € 
Group leader 50 h 21 €/h 1050.00 € 
Head of department 25 h 34 €/h 850.00 € 
GLD software license (license cost: 2500 €) 0.75 years 625 €/year 468.75 € 
Use of ICGC installations and infrastructure 695h 20 €/h 1390.00 € 
TOTAL 8718.75 €  
TOTAL + V.A.T (21%) 10549.69 € 
Table 14. Detailed cost of the present work.  
Analysis and optimization of a ground-source heat pump installation in a medium-sized office building Page 81 
6. Future work 
Here we list the most important issues to address as future work: 
- Accumulate enough minute-resolved data of the GSHP performance in order to fully 
characterize the partialization losses and the degradation coefficient  for each 
compressor and each season 
- Recover the “hidden” data corresponding to past /01 production. This will provide 
true numbers for the measured 9′ 
- Perform a physical inspection of the 3-way valve that deviates the brine from the 
condenser B towards the DHW vessel or the HPAC module. Substitute it or fix it if 
necessary. 
- Fix all the problems encountered with data collection, as well as re-program the 
monitoring system in order to provide a more complete portal for the analysis of the 
building. As mentioned at the beginning of this work, the core of this study has been 
focused on the analysis of the production block. However, in order to  perform a 
complete audit on the performance of the whole building, it would be necessary to 
analyse the distribution block. For this reason, it would be necessary to extend the 
variety of parameters to be recorded periodically: 
o ON/OFF state and % of opening of the each fan coil module at each time 
o ON/OFF state of the splits at each time 
o Set point and actual temperature of each room at each time 
o Outdoor temperature 
These are current readouts that can be accessed through the monitoring system. 
However, their values are not recorded periodically. With this information, we could 
establish correlations between the production and distribution blocks, and further 
optimization including the operation of the distribution system could be carried out. 
Additionally, it would be necessary to record the energy consumption of the whole 
building.  
- Use alternative simulation software for the production and distribution side (i.e. 
TRNSYS), which may be devoted to optimization issues. This would help to identify 
the reasons for such a large deviation between the projected thermal loads and the 
actual ones. 
- To extend the use of GLD in order to construct seasonal performance maps. This 
would consist on creating a set of reference heat pump data and borehole 
geometry/pattern that could be implemented in GLD and simulate what would be the 
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expected seasonal performance depending on the location. This would represent a 
useful tool for customers and installers around the world. 
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7. Conclusions 
/01 measurement has been identified as the most important source of inaccuracy in the 
interpretation of the collected data and the evaluation of the 9. We also identified “Ghost” 
energy measurement (heat  and cold measured during the “wrong” season), but its effect is 
almost negligible. The problem with /01 had its origin in the exchanged position of the 
temperature sensors ;/01 and 6/01 pertaining to the DHW energy-meter. The problem 
has been already fixed. 
A malfunctioning of a 3-way valve has been detected. Its main effect is the waste of heat 
towards the ground when producing /01 from the heat rejected by the building under 
cooling mode. This failure is still waiting to be physically inspected/fixed. 
A methodology has been developed for the characterization of GSHP performance, based 
on the processing of real data collected with minute resolution, and also by means of 30-min 
resolution. The identification time periods with almost constant building load levels was 
crucial to obtain values of O: vs.  O.  
A new expression has been proposed, which relates O: vs.  O through degradation 
factors  = 0.10 (partialization losses coefficient) and  = 0.23 (reduction coefficient). This 
expression (Eq. 12) originates from the norm EN14825 and the work presented in [9] and 
[10] and its main goal is to represent a heat pump system comprising two twin 
compressors modules operating in parallel. Stand-by losses are not considered in this 
expression, since it has been already determined and it is out of the characterization metrics 
employed in this work (we only account for compressor and circulation pump consumption).  
Building Peak Loads
 
have been evaluated thanks to the post-processing of monthly data with 
30min time resolution. In parallel, they have been theoretically estimated by means of the 
Energy Use Method
 
(RETScreen, [11]) 
A model of our GHSP system has been created and validated within GLD software, thanks to 
an accurate characterization of the actual heat pump, and a good approximation of the 
building thermal Peak Loads.  
The performance of the heat pump has been evaluated to that of the period 2015-2016. After 
corrections, the values of measured, expected and simulated 9 and 9 are shown in 
Table 15. 
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Measured 9∗ = 3.24 9∗ = 3.22 
Measured corrected 9Á = 3.37   
Measured corrected (2) 9Á′ = 3.31  
Calculated (EN14825) 9 = 4.21   9	 = 4.81 
Simulated (rated heat pump) 9 = 3.9 9 = 4.1 
Simulated (actual heat pump) 9 = 3.1 9 = 3.1 
Table 15. Main results of the study regarding GSHP performance. 
Equivalence between empirical and simulated results has been obtained with an error 
margin of <5% in the case of 9 and <8% for the 9. Although more statistical data is 
required, they can be considered consistent enough. The results point out to an installed 
heat pump which appears to be non-compliant with the performance data stated in the 
datasheet of the product, beyond an acceptable margin of ±5% (in fact, beyond ±20%). IT 
has been observed that while power consumption is almost equivalent to the rated values, 
the capacity falls below 80% of the rated one. Although partialization-losses are inherent to 
cycling operations, it shows an upper limit of 10% when O → 0. 
Thanks to the simulation with GLD, we concluded that the current GSHP is unable to satisfy 
the heating demand (it could make it for the cooling) of a hypothetical new building with 
equivalent thermal loads. Nevertheless, if the heat pump showed rated performance, it would 
suffice just an additional borehole (there are 10 now), plus the use of anti-freeze and water 
brine mixture in order to make it feasible. 
Analysis and optimization of a ground-source heat pump installation in a medium-sized office building Page 85 
8. Bibliography 
 
[1] Decision 2013/114/EU, in agreement with art. 5 from directive 2009/28/CE of the 
European parliament and of the council, March 2013 
[2]. Kavanaugh S. and Rafferty K. , Geothermal heating and cooling, design of ground 
source heat pump systems, ASHRAE (Atlanta, 2014) 
[3]. Source available online at:<https://www.researchgate.net/figure/264274195_fig1_Figure-
1-a-Horizontal-earth-coupled-heat-exchanger-system-b-ground-source-heat-pump>, 
[accessed the 10th of September of 2017] 
 [4]. RES Directive, Directive 2009/28/EC of the European parliament and of the council, April 
2009 
[5]. Air conditioners, liquid chilling packages and heat pumps with electrically driven 
compressors for space heating and cooling. Terms and definitions EN14511:2007 
[6]. Air conditioners, liquid chilling packages and heat pumps, with electrically compressors, 
for space heating and cooling- Testing and rating at part load conditions and calculation of 
seasonal performance, EN14825:2016  
[7]. R. Nordman, “Seasonal performance factor and monitoring for heat pump systems in the 
building sector”. SEPEMO-Build Project final report, July of 2012. Available online at 
<https://ec.europa.eu/energy/intelligent/projects/sites/iee-
projects/files/projects/documents/sepemo-build_final_report_sepemo_build_en.pdf> 
[accessed the 21st of February of 2017] 
[8]. Air conditioners, liquid chilling packages and heat pumps with electrically driven 
compressors. Heating mode. Terms, definitions and designations EN 255:1997 
[9]. E. Fuentes, D. A Waddicor, J.Salom, “Improvements in the characterization of the 
efficiency degradation of water-to-water heat pumps under cyclic conditions”, Applied Energy 
179 (2016) 778-789 
[10]. J.M. Corberán, D. Donatello, I.Martínez-Galván, C. Montagud,”Partializacion losses of 
ON/OFF operation of water-to-water refrigeration/heat pump units, International Journal of 
Refrigeration 36 (2013) 2251-2261 
Page 86  Project memorandum 
 
 [11] NRCan, “RETScreen© Engineering & cases textbook. Ground source heat pump project 
analysis chapter”, Minister of natural resources Canada, Clean Energy Division Support 
Centre, ISBN: 0-662-39150-0 (2005) 
[12]. Ministerio de Fomento, Código  técnico de edificiación.  
<https://www.codigotecnico.org/index.php/menu-documentoscte/133-ct-documentos-
cte/ahorro-de-energia.html> [accessed the 21st of November of 2016] 
Analysis and optimization of a ground-source heat pump installation in a medium-sized office building Page 87 
Acknowledgements 
I wish to thank to all my family, specially my beloved wife and sons. This has been possible 
thanks to you in many ways, and whichever the final outcome, it will be for you all. 
Special thanks to my supervisors Ignasi Herms Canellas and Georgina Arnó Pons from 
IGCG. You trusted me and I hope I fulfilled your expectations. It has been a real pleasure to 
learn, work and share my time with you both. Your motivation and leadership deserve all my 
admiration. I wish you all the best. 
And thanks to my UPC supervisor José Juan de Felipe Blanch. You are the master. This 
work and your lectures allowed me to look into a vast, exciting and promising engineering 
field, yet scarcely exploited around here though. Maybe this could be just my first step into a 
wider and longer career dedicated to the geothermal energy. Why not?! 
I also want to extend my acknowledgment to many other people who I met throughout these 
past two years and helped me in some way or another with their support, advice, friendship 
or simply a smile. 
Finally, thanks to all the people that helped me indirectly with their diary work or their “official 
signature”, which allowed me to get to where I am now. 
 
Quiero dar las gracias a toda mi familia, especialmente a mi querida mujer y mis hijos. Esto 
ha sido gracias a vosotros en muchos sentidos, y sea lo que sea que saque de tantas horas 
y dedicación (¡a veces robada!), será para todos vosotros. 
Gràcies als meus tutors a l’ICGC, Ignasi Herms Canellas i Georgina Arnó Pons. Vareu 
confiar en mi i desitjo haver complert les vostres expectatives. Ha estat un plaer aprendre, 
treballar i compartir el meu temps amb vosaltres. La vostra motivació i lideratge m’omplen 
d’admiració. Us desitjo molta sort i èxit! 
I gràcies al meu tutor de la UPC José Juan de Felipe Blanch. Tu ets el mestre. Aquesta feina 
i la teva assignatura m’han permès veure una pinzellada, “fer un petit tast” d’un camp de 
l’enginyeria amb escassa presència en aquestes terres, alhora que vast, fascinant i 
prometedor. Potser això representa  el meu primer pas cap a una més àmplia i llarga carrera 
dedicada a l’energia geotèrmica. Per què no?! 
També vull estendre aquests agraïments a tantes altres persones que he conegut durant 
aquest dos últims anys i que m’han ajudat ja sigui amb el seu recolzament, consell, amistat o 
simplement amb un somriure. 
Finalment, gràcies a totes aquelles persones que indirectament, amb la seva feina diària o la 
seva “signatura oficial” han contribuït a que jo hagi arribat fins aquí. 
